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NOMENCLATURE  LIST 

The quantities listed  here  appear  In the body of the  report. 

Separate nomenclature lists  appear In the Appendices. 

A 'J - ÖS,  Helmholtz function,  erg/g 

A ....A      Constants given In Eq.   103,   units of A    are erg/g, 
o 3 .      ,     2 0 others are dyn/cm 

a Constant in the  series expansion for a ir. Holt's model 
2      3      4 

a  ,...a      Constants in Eqs.   104,   105,  dyn/cm (cm /g) 
0 3 3 

b Constant  In the series expansion for v in Holt's model,  cm /g 

b  t,..\i      Constants in an equation of  state for expanded material, 
0 erg/g  (cm3/g)i  for ^ 

2 
C Bulk modulus of  solid,  dyn/cm    or sound speed,   cm/sec 

o 
C Specific heat,  erg/g/ C 

p o 
C Specific heat  at constant volume,  erg/g/ C 

D 2nd coefficirnt  in series expansion for Hugoniot pressure 
2 

as a function of   strain M-,  dyn/cm 

E Internal energy,   erg/g 

E Internal energy  at  the critical point,  erg/g 
c 

E Energy on the Hugoniot,  erg/g 
n 

E. Internal energy of liquid material,  erg/g 
t 

E Internal energy  at the triple point,  erg/g 

F Internal energy  at melting,  erg/g 

E Internal energy  in the solid  at the energy of melting 
so 

and at zero pressure,   erg/g 

E Internal energy of th? vapor,  erg/g 
v 

E Internal energy of ideal gas at zero temperature,  erg/g 
o 

F  ,F Coefficients in a series expansion for a nonlinear energy effect 
i.    2 

f(E) Thermal  strength  redact'on  function 
2 

G       Isoenergetlc shear modulus of porous material, dyn/cm 
2 

G       Isothermal shear modulus of solid, dyn/cm 

2 
G_T Isothermal shear modulus of porous material,  dyn/cm 

2 
Isoenergetlc shear modulus pt zero energy, dyn/cm 

Pi 

g ,g     Constants in an equation of state for expanded material, 
o l 3 

dimensionless and cm /g 
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h  ,h Constants  In an equation of state for expanded material 
g/erg and cm /erg 

,    2 
K isoenergetic bulk modulus of porous material,  dyn/cm 

2 
K Isothermal bulk modulus of solid, dyn/cm 

K ,k Isoenergetic bulk moduli on the i      intermediate surface, 
dyn/cm 

2 
K Isothermal bulk modulus of porous material,  dyn/cm 
Pi 

K Bulk modulus of solid 
2 

K Initial bulk modulus of porous material,  dyn/cm 
o 

k Bulk modulus of porous material on the zero energy plane, 
dyn/cm 

k (k .k      Constants in the Philco-Ford equation of state 
O     1     2 

L (K /K - a )/(a - 1),   a constant used in determining 
s    o      o        o 

the bulk modulus of the porous material 
.    3 

N Number of voids,  number/cm 
3 

N Number of voids greater than a given radius,  number/cm 
.' 
N       Nucleation rate constant 
o 

2 
P       Pressure, dyn/cm 

AP      Variation of P-V relation from a straight line at the 

center of the line for a parabolic segment of the 

POREQST model 
2 

P       Consolidation pressure at zero energy, dyn/cm , or 
c 2 

pressure at critical point, dyn/cm 
2 

P       Yield pressure in Holt's model, dyn/cm 

2 
P       Pressure on the Hugonlot, dyn/cm 
H 2 
P       Parameter governing sensitivity to nucleation of voids, dyn/cm 
nl 2 
P       Pressure in solid material, dyn/cm 

2 
P       Threshold pressure, dyn/cm 

■* 2 
P Threshold pressure in the solid, dyn/cm 
th 2 

P Yield pressure in Herrmann's model, dyn/cm 
y 2 

P Pressure  at zero energy,  dyn/cm 
Z 2 

Q Acceleration term in the analysis of Carroll,  dyn/cm 
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t 

u 

V 

so 

dV 
ve 

dV 
vp 

Av 

Void radius, cm or factor given in Eq.  100, dyn/cm  , 
or the gas constant,  erg/g/0K 

Nucleation void  size distribution parameter,  cm 

3rd coefficient  in series expansion for Hugoniot pressure 
as a function of  strain \i, dyn/cm  ,  or,  entropy,  erg/g/0C 

o 
Temperature    X 

o 
Temperature at the critical point,     K 

1 + To    E/K  ,   temperature factor 
so      s 

o 
Temperature of melting,    K 

Time 

Internal energy, erg/g 
3, 

Specific volume«, cm /g 
3 

Specific volume at critical point, cm /g 
3, 

Specific volume of liquid material, cm /g 
3, 

Specific volume of solid material, cm /g 

Initial specific volume of solid 
3 

Specific volume of void, cm /g, or specific volume of 
vapor, cm /g 

Elastic change in void volume 

Plastic change in void volume 

V /V,  relative void  volume 
v 

Nucleated void volume 

P V /RT , nonideal compressibility factor at the 
critical point 



er Distension ratio 

or p    /p,  an approximation to the distension ratio 
so 

Of .or Material constants  used In the Phllco-Ford equation of state 
a* b 

a p    /o   ,  value of a    at consolidation 
c so    c 

Q Distension ratio at yield In Holt's model 
e 

or Distension ratio on 1       Intermediate surface 

a Distension ratio of  the threshold pressure 
st 

o 
Volumetric thermal expansion coefficient,   1/ C a 

t 
a Distension at  the yield point  In Herrmann's model 

y 
or Initial distension ratio 

o 
F Grlinelsen ratio 

T ,T Coefficients In a series expansion for Grlinelsen's ratio 
o*  1 

6 2Y/(3K ),  yield parameter of the Carroll-Holt model 
s 

C Small factor used In Carroll-Holt model to permit 
consolidation at a  finite pressure 

2 
T) Coefficient of viscosity,  dyn-sec/cm 

B Temperature,    C 

u p /p      - 1,  strain 
s    so        '    3 

p Density,  g/cm 
i 3 

p Density at a zero energy state In Holt's model,  g/cm 
3 

0 Consolidation density at  zero energy,  g/cm , or density 
c i u 

at the critical point,  g/cm 
3 

o Density at initial  yield,  g/cm 
6 3 

p.       Density of the liquid phase, g/cm 
1 , 3 

0       Density of solid material, g/cm 
8 3 

p        Initial density of solid, g/cm 
so 

p       Density of solid at initial yield in the porous material, g/cm" 

" 3 
p Solid density at the yield point  in Herrmann's model,   g/cm 

0 Density at yielding in Herrmann's model,  g/cm 
y 3 

p Initial density of porous material,   g/cm 
oi th 

p Reference density at  zero energy  and pressure on the  1 
Intermediate surface,   g/cm 

2 
(7 Stress,  dyn/cm 

2 
g' Deviator stress,  dyn/cm 

T Time constant of Holt's  and Butcher's models,  sec 
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I  INTRODUCTION 

Porous materials are used as a protection against x-radlation because 

of their ability to minimize the slrvab  generated by the radiation and to 

attenuate that stress as it propagates.  For accurate design of this 

protection, wave propagation calculations are made to simulate the 

radiation deposition, stress generation, propagation, and spallation 

caused by stress waves.  For such a calculation it is necessary to have 

a constitutive relation (stress-strain-energy relation, or equation of state) 

that describes the material's response to heating and to compresslve and 

tensile loading. 

The obJÄctive of this report is to document a set of constitutive 

relations that provide for: 

• Elastic and plastic compaction loading with rate dependence 

• Heating or cooling that can occur simultaneously with loading 

• Unloading and rate-dependent fracture 

• Melting and vaporization, with explicit treatment of solid, 

liquid, vapor, and mixed phases. 

Accompanying these relations is a user's manual that includes a derivation 

of the equations for the model and procedures for using it in Lagranglan 

wave propagation computer programs. 

For calculations, the computational model must be fitted to data 

available on the material of Interest. A description is given of the 

methods used for performing this fit, especially the Judgmental factors 

involved. 

The model or set of constitutive relations derived here are developed 

from the same physical basis as that derived earlier by Seaman and Linde. 

The material response is determined both by the solid material behavior 

and by the behavior associated with its porosity.  Onto this basic frame- 

work of the Seaman and Linde model has been added a family of compaction 

curves suggested by other Investigators, rate-dependent compaction, ductile 

9 



fracture (rate-dependent), a multiphase equation of state for the continuous 

material, and several devlator stress models.  Specifically the following 

models are Included: 

Compaction surface 

POREQST (Seaman and Linde) 

2 
Holt et al. 

Carroll-Holt ' 

5.6 
Herrmann's P-cv 

Rate-dependent compaction 

2 
Holt et al. 

7 
Butcher p-cy-T 

Linear viscous 

Fracture 

Constant strength 

8 
NAG ductile fracture 

Solid equation of state 

Mie-Grünelsen and PUFF expansion 

10 
Phllco-Ford 

ESA extended two-phase equation of state 

Devlator stress 

Beryllium rate-dependent, Bauchlnger model of Read 

12 
Bauchlnger model 

13 
Standard anelastic model 

The constitutive relations for porous material are derived in Chapter II 

and Incorporated into subroutines in Appendices A and B. Chapter III 

describes the multiphase equations of state for continuous material; the 

new subroutines are given in Appendices C and D.  The needed background 

for deciding which data to select and for fitting that data to the model 

is given in Chapter IV. 

10 



Background 

To be adequate, the porous material model must describe behavior 

under radiation loading. Therefore we examine first the range of 

behavior expected. 

Radiation heating of porous materials can cause melting and vapori- 

zation, shock wave propagation, and spallatlon.  Some of these phenomena 

are illustrated in Figure 1. Radiation from the left falls on a plate (a 

thin slice of which is shown).  Following deposition the front surface 

material is in a compressed but expanding vapor state, deeper material is 

molten, and at greater depths the particles are only warmed.  The "absorbed 

energy" plot shows in a conceptual way the diminution of absorbed radiant 

energy with depth.  Corresponding to this energy, stress arises throughout 

the plate.  In the "vapor" portion the material is heated rapidly during 

deposition, expands and fills the pores.  Continued heating following elimination 

of the pores causes high thermal stresses to occur, which may reach the 

megabar region.  In the molten region the thermal expansion is smaller, so 

following deposition the stress is nearly zero.  Small thermal stresses are 

reached by the end of deposition in the region that consists of solid particles. 

Wave propagation becomes the dominant feature as the stresses in the 

high-stress areas are relieved.  The vapor expands rapidly, compressing the 

molten mist and transmitting a compressive wave, which propagates to the 

right through the mist and into the region of solid particles.  The expansion 

of the left (free) boundary of the vapor causes a rarefaction wave to travel 

through the vapor to the right, following the compressive wave.  As the 

rarefaction wave traverses the liquid, it produces tensile stresses, spalls 

the liquid, and continues into the solid particles, usually causing hot 

spall to some depth.  This rarefaction continues moving to the right at 

reduced amplitude.  Meanwhile the compressive wave reaches the rear surface 

of the plate and reflects as a rarefaction wave, which propagates to the 

left.  At some point near the rear surface, this second rarefaction meets 

the rarefaction moving to the right, and the tension produced may cause 

fracture damage in the plate (cold spall). 

11 
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FIGURE 1      RADIATION RESPONSE OF POROUS MATERIAL 
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In Figure 1 the Inserted stress-volume plots show the behavior at 

selected points in the target. The material at the surface is heated 

at constant volume and expands isentropically.  The material somewhat 

below the surface is heated and then compressed further by a compressive 

wave until the ensuing rarefaction unloads it isentropically.  At greater 

depths, the initial heating is small and the compressive wave dominates. 

The rarefactions then take the material into tension. 

To examine in more detail the processes involved in these heating 

and loading processes we divide the model into three parts: 

(1) A pressure-volume-energy relation for solid material 

under thermodynamic equilibrium conditions, called the 

"equation-of-state surface for solid" in Figure 2. 

(2) A pressure-volume-energy relation for porous material 

under equilibrium conditions, termed Lhe "yield surface 

for porous materials" in Figure 2. 

(3) Elastic-plastic behavior, viscous behavior, fracturing, 

Some of these processes are rate-dependent, 

All three aspects of the constitutive model are exercised to follow the 

behavior shown in Figure 1. To indicate how the first two portions of 

the model participate, we have shown the paths followed by the material 

at several depths on the energy-pressure-volume surface of Figure 3. 

Near the front (irradiated) surface (Path A), a large amount of energy 

is deposited at nearly constant volume causing the state point to traverse 

the yield surface, then through porous liquid nnd dense vapor states. 

Finally a compression wave drives the pressure to the peak volume.  The 

unloading occurs along an isentrope.  In the figure the isentrope shows 

a rapid unloading characteristic of a solid or molten material.  With a 

more intense radiation, the state point trajectory would go far to the 

right before reaching low pressures, and the final state of the material 

would be a vapor.  At a greater depth (Path C) there is slight initial 

heating at constant volume as the state point travels over the yield surface, 

followed by a further loading from the compressive wave coming back from 

the front surface (this wave is caused by the high stresses at the front 

surface).  Unloading then follows an Isentrope. 

13 
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FIGURE  2      DEPICTION OF   ENERGY-PRESSURE-VOLUME SPACE OF THE 
CONSTITUTIVE  RELATIONS FOR  A  POROUS MATERIAL 
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FIGURE 3      DEPICTION  IN  ENERGY-PRESSURE-VOLUME SPACE OF THE 
CONSTITUTIVE RELATIONS FOR A POROUS MATERIAL WITH 
REPRESENTATIVE HEATING,  LOADING, AND UNLOADING PATHS 
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Thus the response of material at all depths Is described by the constitutive 

relations.  The slopes of the constant-volume loading lines in the P-E plane 

are given by the GrUneisen function. Attenuation and hysteresis are given 

by the stress-volume-energy paths projected onto the P-V plane. The 

final states reached indicate the expected phase of the material. 

In contrast to radiation deposition, impact in porous materials 

is solely a wave propagation process, although significant heating may 

occur during compression.  For low stresses the compaction and unloading 

paths resemble those showu in Figure 4.  On loading the behavior is 

initially elastic.  At higher stresses, gross yielding and irrecoverable 

compaction occur.  At stresses of several times the initial yield, the voids 

are eliminated and the behavior is like that of a solid.  Initial unloading 

usually follows essentially elastic paths, so the original specific volume 

is not recovered.  The Hugoniot for the porous material is also shown in 

Figure 4.  The Hugoniot of the porous material is to the right of the 

Hugoniot for solid material, illustrating that shock waves in porous 

material induce more heating than the same shocks in solids.  This heating 

effect is explored quantitatively in Figure 5, which was constructed from 

14 
uranium equation-of-state data.   In Figure 5, the low stress region 

has been completely omitted; the calculations were made on the assumption 

of zero yield strength.  The figure shows Hugoniots for several initial 

porosities (n ■ 0.0 to 0.667) and for Impacts up to 600 kbar.  Several 

isentropes are also shown (all the Hugoniots and Isentropes are approximated 

to lie on a single surface).  For uranium the melt energy is about 

9 10 
2.3 x 10 erg/g and sublimation is at 2.0 x 10  erg/g.  Hence, internal 

energies equivalent to the sublimation energy can be reached by impacting 

very porous samples.  Similar results can be expected for many other porous 

materials. 
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FIGURE 5     EQUATION OF STATE SURFACE FOR URANIUM IN PRESSURE-VOLUME-ENERGY 
SPACE WITH HUGONIOTS AND ISENTROPES FOR SEVERAL INITIAL POROSITIES 
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The third part of the constitutive model for porous materials 

contains all the nonhydrostatic and nonequillbrlum parts.  Here are the 

elastic-plastic or yield phenomena, the rate-dependence associated with 

yielding, the rate-dependence associated with pore collapse, and time- 

dependent ductile and brittle fracture.  The rate-dependence associated 

with phase changes would also be Included here. 

Current State of Knowledge of the Model 

The pressure-volume-energy relation for solids is well-known mainly 

from impacts. Thus the known states lie near the Hugoniot curve shown 

in Figure 2,  Recent progress has been made in developing three-phase 

(solid, liquid, and gas) equations of state for metals through the work 

15        16 10    „      17 
of Royce, Thompson,  , Goodwin et al.,  and Naumann.    Since all of 

these are now based on static thermodynamic data, no effort is made to 

18 
handle the rate effects rnsociated with changing phases,  Zel'dovich 

states that the equilibrium surface(such as that described by these four 

equations of state) is not followed in a shuck or rarefaction wave 

10 
because there is no time for the phase change to occur.  Goodwin et al,, 

make it plain that there is no satisfactory data in the liquid range, 

even for metals.  Thus we conclude that: 

• The solid behavior near the Hugoniot is well known 

for many materials and can be derived from impact 

data. The common equatlon-of-state relations adequately 

describe this solid behavior. 

• The liquid states are essentially unexplored experimentally, 

• The vapor and mixed liquid-vapor states for metals have 

been studied experimentally and theoretically under static 

conditions.  The results give some guidance toward constructing 

dynamic models, but cannot be relied on without dynamic experimental 

verification. 

The second portion of the constitutive model, the pressure relation 

for porous material, is probably better understood than the first portion. 
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The framework described in our model several years ago has gradually been 

verified experimentally and theoretically. With the recent results of 

19 „ 
Read,  we now know that the Grunelsen ratio for ductile porous material 

containing voids is related to the Grllnelsen ratio for solid material in 

the manner given in our porous model.  Many experiments have confirmed that 

the pressure-energy relation for a porous material has the form given by 

our model (shown as the line V2-A-B-C-D in Figure 6).  However, some 

experimental evidence suggests that a lower Grllnelsen ratio should be 

used for some materials.  We suspect this discrepancy is caused by pore 

shape and Inclusions.  Some experimental work has been done to determine 

the variation of yield strength and modulus as a function of internal 

energy.  Unfortunately only a few materials have been studied so general 

conclusions cannot yet be reached.  These variations are important 

features of the model. 

Considerable effort has been expended in understanding the third 

portion of the constitutive model: nonhydrostatic and nonequilibrlum 

phenomena. We are now aware of rate-dependent yie.'d phenomena, Bauschinger 

effects, phase changes, rates of pore collapse, and the rate phenomena 

associated with fracture.  Many of these studies have led to an under- 

standing of these phenomena in a large class of materials, although specific 

data are available for very few materials. Thus, we now realize that we 

must expect those effects in all materials and have analytical models 

for these effects. 

20 
In a recent parameter study Buxton  confirmed the above conclusions 

for porous beryllium.  He found that each portion of the constitutive 

model discussed above may have a dominant effect on the stress and impulse 

generation. 

Measurements Required to Specify the Model for any Material 

With so much information required to determine the model parameters 

for each material, it is clear that a fairly large number of experiments 
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are required. Where possible, each parameter should be derived from 

experimental results that depend uniquely on that parameter.  From plate 

Impact experiments, for example, the Impedance, wave velocity, and unloading 

moduli can be derived directly.  But In electron beam experiments, Gruneisen's 

ratio, modulus, and attenuation all have some influence so that none Is 

determined uniquely. 

The behavior of the solid is determined by impact and electron beam experi- 

ments on the solid and also on porous material. The Impacts provide loading 

and unloading data on and near the Hugoniot and also at higher energy states 

as shown in Figures 3 and 5. Because the Lagrangian analysis can be used 

to reduce the data, much of the pressure-volume-energy surface near solid 

density can be explored with impacts.  The impacts determine the moduli 

and give some indication of Grlineisen's ratio.  Electron beam experiments 

are performed to define states of larger specific volume than those reached 

in impacts and to determine the Gruneisen's ratio throughout the range of 

interest.  Because of the more complex loading path (such as paths A, B, 

or C in Figure 3) taken in the electron beam experiments, the equation- 

of-state surface must be known fairly well before the e-beam data can be 

reduced.  With a combination of Impacts and e-beam experiments in the same 

region of the surface, we feel that a valid reduction of the data can be 

made. 

Porous material is studied in a manner similar to that used for solids. 

Impacts at several peak stress levels and initial internal energies are 

used to map the "yield surface" of Figure 2 and the unloading behavior. 

Then e-beam experiments are conducted at low energies so that little of 

the material melts.  The e-beam data are reduced with the aid of the 

constitutive relations based on the impacts.  In this way, the e-beam 

Lagrangian analysis is a method for transforming stress or particle 

velocity records from impact experiments to obtain stress-volume-energy 

paths followed by the material during the impact. 
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measurements are used  to provide an effective Grüneisen's ratio and need 

not explain the wave propagation phenomena.     These experiments In the 

porous material lead to determinations of the bauschlnger effect,   the 

rate-dependence of yielding, the pore collapse process,  fracturing,   and 

the variation of yield and moduli with Internal energy.    Because of the 

variety of effects,  special experiments must be conducted with different 

target thicknesses, different initial temperatures,  and different 

instrumentation.    Some targets must be sectioned to examine internal effects. 

The foregoing experiments are all dynamic.     However,  some auxiliary 

data may be obtained from other kinds of experiments,    A crush-up curve 

and unloading moduli  may also be obtained statically,  although these  may 

not be appropriate for dynamic conditions.     It is necessary to verify 

static data by comparison with wave propagation data before using them 

in dynamic calculations. 
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II       CONSTITUTIVE REIATIONS FOR POROUS MATERIALS 

This study is directed toward deriving a thermodynamic description 

of the stress,  energy,  and volume states reached by porous material during 

shock wave loading.    Such a description  is usually termed the constitu- 

tive relations.    For convenience the constitutive relations are separated 

into components by dividing the stress into pressure and deviatoric stress. 

P    =  P(E,  V) (1) 

a' = CT'CE, V) = a - P (2) 

where 
Cl Is the stress in the direction of wave proppgation 

P, cr' are pressure and deviator stress 

E, V are internal energy and specific volume. 

The deviatoric component is associated with yielding and mechanical rate 

effects; it is important only while the material is solid. The pressure 

portion provides the major part c f the stress for solid behavior and all 

the stress for liquid and vapor states.  As an aid in visualizing the 

PCE, V) function, it is often depicted as a surface, as shown in Figure 2. 

Solid behavior is given by points near E = 0 on the left in the figure; 

vaporized states are on the right. 

If the material is initially porous, a combination of compresslve 

loading and heating will cause the pressure to iie on the "yield surface 

for porous material," shown in Figure 2.  Thus the thermodynamic behavior 

of the porous material is an augmentation of the behavior of the solid. 

In porous materials the states reached in shock wave experiments depend 

on the loading history and rate of loading and not simply on the thermo- 

dynamic state variables. 
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This chapter describes our approach to constructing a model:  our 

view of how porous material actually behaves.  We outline the features 

included in the present computational model and give detailed derivation 

of the constitutive relations included In the model. 

Approach 

The energy-absorbing and stress-generating mechanisms  in porous 

materials are assumed  here to be related  to the behavior of the  solid 

particles.     The  computational model   is constructed by combining the 

behavior of the  solid material with the effects associated with the 

structure of the  porous material.     No special  treatment  is required to 

handle stress-generation under rapid heating.     At  low stresses  the porous 

material  responds elastically  but with a  lower modulus than the  solid 

particles.     At higher  stresses the structure yields,   allowing the collapse 

of  some pores.     This  structural yield  is  associated with the yield strength 

of the solid material  and of the  interparticle bondstrengths. 

A family of  assumed isoenergetic  loading curves  are shown  in Figure 7 

together with Idealizations of this path.     There is  assumed to be a var- 

iation of yield  and bulk modulus with energy,   and a gradual transition 

from elastic to  fully  plastic behavior.     These  curves are represented  in 

the model  by paths with a linear elastic  loading up to a  sharp yield. 

After yielding,   all  paths at the same energy coincide in the model, 

Deviator stresses are always present   in quasi-static,   one-dimensional 

strain experiments on porous materials  (that  is,   stresses  are not equal 

in three orthogonal  directions).     Such measurements usually  show very  com- 

plex relations  between deviator stress and  strain,   relations  indicative 

of work-hardening,   rate-dependence,   and Bauschinger effects. 

Fracture  in porous material  has been  studied very little,   but it  is 

assumed that  fracture occurs,  as in solids,   by  the growth of cracks or 

voids.    The strength of porous materials  is  smaller than the corresponding 
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FIGURE 7      ASSUMED FORM OF ACTUAL ISOENERGETIC LOADING CURVES COMPARED 
WITH IDEALIZED FORM FOR THE MODEL 
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solids because theie are so many large Inherent flaws.  Under sustained 

tensile loading, the porous material should come apart and produce some 

fragments.  On recompaction the fragments will not necessarily follow 

the same loading path they did on initial compression. 

Features of the Mode" 

The Tuodel developed is intended to describe the thermodynamic 

behavior of porous ceramics, metals, and plastics.  It should also be 

applicable to geologic materials.  It is intended to readily fit data 

available in various forms so that little recasting of data is required. 

The flexibility required to treat many kindt- of material with data in 

many forms is obtained by providing several options for each of the 

following portions of the model: 

• Solid  constitutive  relations 

• Yield  surface for porous material 

• Rate   effects in the porous material 

• Deviator stress. 

The solid  behavior  is  treated  by a combination of the Mie-Grlineisen 

and PUFF expansion equations of state,   the ESA extended equation of 

state,   or the Philco-Ford three-phase equation of  state.     The yield  sur- 
5,6 

face for the porous material  is provided  by versions of  the P-a model, 
3,4 1 2 

the Carroll-Holt model, the POREQST model,     and the Holt model.       Rate- 
7 2 

dependent  effects are treated by Butcher's    or Holt's    models or by the 
8 

SRI void growth model.       Deviator stress  is handled  by  the usual elastic, 

plastic,   or work-hardening models,   by  several  rate-dependent models,   a 
12 11 

Bauschinger model,       or by  a special model   for 8200 beryllium. 

The logic used  for Joining the components of  the model  is Illustrated 

in Figure 8.     Here,   possible loading and unloading  paths  are given  for a 

porous material.     Initially,   the loading  is elastic;   above the "initial 
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FIGURE 8      PRESSURE-VOLUME PATHS FOR A POROUS MATERIAL 
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yield" point,  the loading continues elastically only for very rapid 

loading.     For quasi-static  loading,   the path  follows the line on the 

yield  surface.     For wave propagation,  the path   vill  depend on the loading 

rate and will lie somewhere between the elastic and the static curves 

(for example,   the "dynamic"  path).     If unloading occurs,  the path will 

be on an "intermediate"  surface and the behavior will  be elastic.    Con- 

tinued unloading will   cause tension stresses.     In tension there are also 

three paths:     elastic  for  instantaneous loading,   static  fracture threshold, 

and between these,   a dynamic path.    During the compression phase,  the path 

may reach the solid curve,   that  is,  the material may consolidate.    The 

foregoing paths concern only the pressure;  the deviator stress follows a 

similar set of paths. 

The procedure used to perform the calculations and the switching 

between options is  illustrated  in Figure 8.     For porous material,   the 

calculations are first made on the assumption that  the  response is elastic, 

that is,  that the path lies on the "intermediate surface" defining revers- 

ible loading and heating.    Thon the rate-independent compaction (or frac- 

ture)  pressure is calculated.     If the elastic pressure exceeds the static, 

the dynamic pressure  is  computed.     In this way,   the very complex model  is 

isolated into small,   independent portions. 

A sample of  some capabilities of the model  is  shown in the computed 

loading paths in Figures 9  and 10.   The paths were constructed by computing 

pressure with the  subroutine  for a sequence of  increasing densities,   fol- 

lowed by a decreasing  sequence  and another increasing  sequence.     The com- 

puted paths show rate-independent and rate-dependent  loading,   unloading, 

rate-independent fracture,  complete separation (in Figure 9)  and recom- 

pression to consolidation.     Other possible paths would  show various com- 

binations of heating and  loading. 
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Pressure In the Porous Material 

The stress In the solid particles of the porous material must vary 

from zero at free surfaces to large values at contact points.  For pres- 

sure calculations we consider, however, only an average stress over all 

the solid matter.  If a cross section is cut through the porous material, 

some of the cross section is void.  The average stress or pressure on this 

section is a function of the average stress in the solid and of the void 

21 
volume. Carroll and Holt  have shown that 

P  = aP (3) 
s 

where  P    is the average of three orthogonal stresses on the 

porous material 

P    is the average pressure in the solid particles 
s 

a   u  V/V , the distension- ratio 
s 

V is the gross specific volume 

V is the average specific volume of the solid particles. 

In the discussion of analytical models for porous materials, some 

investigators have used the relative void volume, v , and others have 
v 

used the distension ratio, a.    The relative void volume or porosity is 

defined as 
V   V - V 

where V , V , and V are the specific volumes of void and solid, and the 
v  s ' 

gross specific volume.  The distension ratio is defined as 

V   "„ 
« - v; ■ r (5) 

where p  and p    are gross density and average density of the solid particles. 
s 

Through Eqs. (4) and (5) , relations can be found between v and a 
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v = 1 - - (6) 
v    a 

and a =  (7) 
1 - v 

v 

The pressure In the solid material below melting, p , is assumed to 
s 

be given by the Mie-GruneI sen equation of  state with the Hugoniot  as the 

reference function. 

Ps = PH + HO(E - EH) 

2 3 
= Cfi +   tyt    +   Sji    + IT (E - E  ) (8) 

H 

where    u = o /p      - 1 
s    so 

P    and E    are pressure and internal energy at  the density p  on 
H H 

the Hugoniot 

F  is the Grüneisen ratio 

C,  D,  S are constants. 

Intermediate Surfaces 

The model must provide for elastically loading,  unloading,  or heating 

material with arbitrary porosity.    For this purpose we define an "inter- 

mediate  surface"  in pressure-energy-volume space.    This warped surface 

contains the locus of points that can be reached from a given point  by 

an elastic  (reversible)  loading or heating process.     If yielding occurs, 

the  state point leaves the  first  intermediate surface and proceeds to 

another.     This behavior is  analogous to  the usual  elastic-plastic response 

in which unloading after yielding determines a new clastic path.    When 

energy must  be considered,   as  in our case,   a new surface instead of a path 

is determined.    Thus there are an infinite number of nonintersecting 

Intermediate surfaces that  can be defined between the initial  porous den- 

sity and the solid density. 
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The Intermediate surface concept is introduced here from a physical 

point of view, and derived mathematically, and then the thermodynamlc 

requirements for It are discussed. 

One Intermediate surface ABC is shown in Figure 11 together with a 

compaction surface YBGFCH, fracture surface DFHE, and consolidation lines 

GF and DF.  To explore the nature of the intermediate surface, consider 

a series of processes that must be represented on the surface.  For 

example, a zero-pressure expansion under heating must define a line on 

the surface. Along this zero-pressure-expansion line, shown as JC on 

Figure 11, the specific volume must increase in proportion to the change 

in energy.  An elastic loading or unloading process defines a line such 

as RL on the intermediate suvface in Figure 11. The slope of this line 

in the pressure-volume plane is a bulk modulus.  If radiant energy is 

deposited rapidly in the material such that no volume change can occur, 

pressure rises immediately because of the restraint of the surrounding 

material.  Such a line is RP.  If the energy Increase is small enough so 

that only elastic response occurs, the response can be decomposed into 

thermal expansion at zero stress (RQ) and a recompression at constant 

energy to the initial density (QP).  Both expansion and recompression 

paths must lie on the intermediate surface and so must the resultant path, 

which occurs at constant volume.  Together these three paths must define 

the nature of the Intermediate surface.  Slopes such as the adiabatic 

loading path RL in Figure 11 are represented by an effective bulk modulus, 

while const ant-volume slopes such as RP provide the effective Grüneisen 

ratio.  Since the bulk moduli of the material vary with internal energy, 

the surface is not plane, but warped.  In the following paragraphs the 

bulk moduli for loading processes and the thermal expansion behavior are 

derived.  Then these two processes are combined to form an expression for 

pressure associated with any loading or heating process on an intermediate 

surface. 
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FIGURE 11       CONSTITUTIVE RELATIONS OF A POROUS MATERIAL, EMPHASIZING THE 
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An isoenergetic bulk modulus is derived for use in our calculations. 

Along an isoenergetic path, the pressure is 

P = K(— - 1) (9) 
Po 

where      K is the isoenergetic modulus 

p     is  the density at  zero  pressure on this path. 
o 

It  is assumed that K is  a  function only  of density and energy and 

that these functional dependencies are separable. 

K =  Kp)f(E) (10) 

The functions of k(p) and f(E)  are derived separately.    The energy depen- 

dence f(E)  of the effective modulus is described by two parabolas for the 

model.     The form of  f(E)  is  shown in Figure  12.     The parabolas usually 

provide enough  flexibility to  fit  the meager data available. 

The form of k(p),  the porosity dependence of bulk modulus,   is derived 

to meet three criteria: 

• The modulus variation  should be like that obtained from the 
elastic  analysis of porous material. 

• The value of the modulus at  the  initial  density must   fit  data 
on the material,   and the modulus  at  consolidation should 
approximate the isoenergetic modulus of the solid. 

• The bulk sound speed should never exceed the bulk sound  speed 
of the  solid.    Thus,   because k/p   is  an approximation to the 
square of the bulk sound  speed,   K/p   should always hp  less than 
K /p      . 

s    so 

The theoretical variation of modulus with porosity is obtained from the 
22 23 

works of MacKenzie  and Warren  on material with nonlnteracting spher- 

ical pores.  For linear elastic loading with small deformations, they 
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derived the following relations for the effective isothermal bulk moduli 

from small-deflection theory. 

KI  
KPI -  ^  

ai + ^ (ai - l) 

I 

where  K and G are the isothermal bulk and shear moduli of the solid 

OL    is the distension ratio on the ith intermediate surface. 

Equation (11) may greatly overestimate the effective stiffness if the pores 

are nonspherical or there is intergranular sliding. Therefore the theoret- 

ical form is modified to permit the specification of an initial bulk modu- 

lus K .  Then the dependence of bulk modulus on distension ratio is 
o 

K K 

k(P> =  7^ % ^ , ,= ^.   T/! _ ^       (12) /Ks   VW «V^-D ai Ar' *o)-^-ri 
\ o I   o 

where      a   = P    /P     is the initial distension ratio of the unheated material 
o        so    o 

K    is the adiabatic bulk modulus of the  solid at  initial density 
s 

K /K   - a so o 
L =        a constant. 

a   - 1 o 

Here we have used the adiabatic modulus K    instead of the isoenergetic 
s 

modulus because it corresponds to the C in the Hugoniot relation in Eq.   (8) 

for the solid. 

To keep the bulk sound speed from exceeding that of the solid, we also 

require that 

K < K /a (13) o   so 

Thus the behavior of k(p) as determined by Eqs. (12) and (13) is similar to 

that determined by Eq. (11), but now k(p) also depends on the ratio of the 
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initial modulus of the porous material to the modulus of the solid mate- 

rial. 

During elastic loading there will be a small change in distension, 

a change not noticed in MacKenzie's small-deflection analysis.  If the 

current distension were used in Eq. (12), a nonlinear loading would occur. 

This nonlinearity is eliminated by defining oc.   as the distension at sero 

pressure and energy on the 1th intermediate surface, that is 

a,  =  P  /P1 (14) i   so o 

where  p  is the solid density and p  Is the porous density, both 
so o 

defined at zero pressure and energy. 

Oc    is equal to a    on the Intermediate surface passing through 
i o 

the initial state of the porous material. 

The isoenergetic shear modulus also is reduced for porosity and 

internal energy. As for the bulk modulus, the effective shear modulus is 

presumed to be a product of functions of p and E. 

G = g(p)f(E) (15) 

The same thermal strength reduction function is used as for the bulk 

modulus.  According to MacKenzie's analysis, the isothermal shear modulus 

varies linearly with density 

3K + 4G 

^-^-^-^ir-Tir] (16) 

As with the bulk modulus, we may wish to define an initial shear modulus, 

G .  This is achieved by writing an expression for g(p) that is linear 
o 

in density as is G , but permits an arbitrary specification of G .  Then 
pi o 

i - i/a. 
,(p, , 0^1 -{l-f) r-U+\ (17) 

where G has been replaced by the adiabatic modulus G . 
I s 
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The Intermediate surface also represents state points reachable by 

heating or cooling.  When a solid is heated at zero pressure, the mate- 

rial expands uniformly in all directions.  The specific volume increases 

by an amount proportional to the initial specific volume, the thermal 

expansion coefficient, and the temperature change.  A porous material 

expands under heating in much the same way; even the voids retain their 

shape and simply enlarge.  For a porous material at an arbitrary point at 

zero pressure, such as point J in Figure 11, the expansion path is along 

the curve JC defined by 

P = 0 

V = V (1 + «AQ) (18) 
J     t 

where  a is the volumetric thermal expansion coefficient, a constant 

A9 is the change in temperature 

V is the specific volume at point J. 

This expression is valid for V = V , the initial specific volume, and 
J   o 

also for V = V  , the initial solid volume. 
J   so 

The temperature is eliminated from Eq. (18) by introducing a constant 

specific heat, C , and the Grüneisen ratio, T = K Qt  /(p C ).  Then the 
p s t  so p 

volumetric expansion along the zero pressure line JC in the intermediate 

surface of Figurf; 11 is 

T 
F 

-J (19) 

u     u O 

where      p     is the reference density et J on the  ith  intermediate surface o 
i 

p     is the density at point U on the line JC. 

T      is a thermal expansion factor, 
F 

When the equation for the zero pressure line is solved from the Mie- 

Grlineisen Eq. (8), the following expansion is obtained: 
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f-H-¥-if-¥)a-] (20) 

so 

Thus, to a first approximation in fp  E/C (and with K = C), the zero 
so s 

pressure line follows the same expression in the solid and porous mate- 

rials. 

The pressure at an arbitrary point P on the intermediate surface in 

Figure 11 is obtained by expanding from J to U using Eq. (19) and then 

loading on an isoenergetic path to P using Eq. (9).  The isoenergetic 

loading follows the relation: 

p = Ki V1' 
p 

:(E) [^ - l] = kif(E) l^r - l| (21) 

u 

By inserting Ep. (19) into Eq. (21), we obtain the complete expres- 

sion for pressure: 

rp   E. 

f. (■•¥)■ ■] P =   kif(E>|^rfl   + —^-»-   1| C22) 

Eq.   (22)   provides  a unique expression for P(p,E),   independent of loading 

path or direction. 

The foregoing intermediate surface expressions provide a unique 

relationship between energy,  pressure and volume.  This uniqueness  (path- 

independence)   is  one requirement of equilibrium thermodynamics.     The 

expressions above impose no requirements on temperature and entropy and 

hence they may not  meet   all  the thermodynamlc  requirements:  this question 

is examined below. 

For thermodynamlc completeness,   an equation of  state must  provide a 

unique relationship between energy,  volume,   and entropy 

E = E(V,S) (23) 
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Then, with the aid of the enerpv balance relation 

dE = TdS - PdV = l^-J dS + K-I dV , (24) 

the other basic thermodynamic quantities can be determined, that is 

■(8), 

(25) 

P - - 1—1 (26) 

Thus the uniqueness requirement is that all five quantities - E, P, S, T, 

V - be uniquely given at each point on the equation-of-state surface. 

While the present resu'ts uniquely define E, P, and V, the 

temperature and entropy are path-dependent.  This path-dependence can be 

Illustrated with the aid of the following equations for temperature and 

entropy 

dT = — (dE + PdV + TO- dP) (27) 
C t 
P 

and     TdS = dE + PdV (28) 

For example, examine alternate paths such as heating and then loading 

(path RQP in Figure 11), or loading followed by heating (RLP in Figure 11). 

Different temperatures and entropies are obtained at the final point (point P) 

We expect to examine this problem of thermodynamic consistency further 

and to propose a solution if the discrepancies are significant. 

In preparation for each elastic calculation with Eq. (22), it is 

uccessary to locate the appropriate intermediate surface.  Since surface 

is related to a particular value of 0 , it is necessary to solve Eq. (22) 
i o 

only for 0 » using the values of P, E, o from the previous state point 
o 
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calculation.  The Inversion of Eq. (22) with Eq. (12) substituted for k 

leads to a linear result for p . 
o 

K f(E)pr - Pp  (1 + L) 1    s     f    so .„„. 
p  =   (29) 
o        K f(E) - PL 

s 

Rate-Independent Yield or Compaction Surface 

When loading or heating occurs in a porous material, the Initial 

response is elastic.  But eventually the stress reaches a level that 

causes a general yielding of the assemblage and a consequent collapse 

of the voids.  This yielding may occur for many combinations of density 

and internal energy so that the yield points form a surface in P-V-E space. 

If loading or heating continues, it is assumed that the state point moves 

across this surface.  Thus, we assume that the yield surface is unique and 

can be reached by arbitrary combinations of heating and loading (cooling 

and unloading cannot be included).  This uniqueness has been verified for 

static loadings but has never been tested by heating. 

The compaction surface is an upper bound on the static pressure 

obtainable at a given density and Internal energy.  It also serves as a 

threshold level for rapid collapse of voids under dynamic loading. As 

shown in Figure 11, the compaction surface joins the solid equation-of- 

state surface along a consolidation line (PG) and ends at a zero pressure 

line at the melt energy for the material (FCH).  The compaction surface 

also passes through zero along a line corresponding to the free expansion 

of the material from its original density (line IH).  The joint between 

the compaction surface and any intermediate surface is represented by BC 

in Fijure 11. 

A rate-independent compaction surface occurs in all the porous models 

considered.  In some cases one model may fit the material behavior better 

than another.  Usually several models are equally appropriate, but the 
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data may have already been fitted to one of the models; In that case, the 

model that matches the data should be used if it is available. 

The compaction surfaces are defined by functions of the form 

P  (o,E) or P   (a,E). 
com        com 

To simplify the form of the surface, we assume that it is formed by 

two independent processes:  (1) isoenergetic compaction and thermal 

expansion and (2) thermal strength reduction.  The P   (p»E) becomes a 
com 

product of two  functions,   each representing one of the processes: 

P        = p       (p       )f(E) (30) 
com        com    ref 

where p  (p   ) is the crush curve defined in the E = 0 plane.  The 
com ref 

variable p   is computed from the current values of p and E with the 
ref 

aid of Eq. (19), thus accounting for the thermal expansion effect. 

The same function of energy f(E) is used here as in the modulus 

function, but this equivalence is not a requirement. 

In the following subsections, several forms tor p(p   ), the compac- 
ref 

tion curve, are given that are in common use and appear to represent the 

experimental data, at least for some materials. 

Compaction Curve of Holt's Model 

The static compaction curve at E = O is defined by providing an 

analytic relation between any two of the following three variables:  the 

distension ration a, specific volume, and pressure.  Various functional 

5,6        7 2 
forms have been given by Herrmann,   Butcher,  and Holt.   Holt's formu- 

lation has the advantage that a is given as a function of specific volume, 

a known quantity; therefore no iteration is required.  (Herrmann's and 

Butcher's &'s  are functions of pressure.)  However, in using a function 

of volume, care must be taken to assume a reasonable form.  The following 

restrictions are suggested. 

44 



• a. must go to 1.0 at consolidation, p ~ p . 

• a,  should be initially equal to p /p , the ratio of 
solid density to initial density. 

• The pressure should increase monotonically with density, 

• The initial slope ol' the P-V curve past the initial 
yield value should be modeled. 

• The consolidation should occur with the porous P-V 
curve tangent to the solid curve (no discontinuity in 
sound ?peed). 

First, the expression of Holt was examined, but it did not meet the third 

requirement—monotonically increasing pressure. After several attempts, 

it was decided to use a second-order expansion in density and to meet 

only th3 first four requirements.  The expansion is written 

2 
P'a = p  + aCp' - p ) + bCp' - p ) (31) 

se e e 

= Ps (32) 

where  p   is the density at initial yield 
e 

p   is the density of the solid particles at Initial yield 
se 

p'  is the density for a state of zero internal energy. 

The constant a is derived from the slope of the static compaction curve 

at the left of the point p' - p . 
e 

dP 
c  dp 

; \_a/ =  p K   X   SU    =  p K \SO   P«/ (33) 
e dp       es     dp       e s   dp 

Here Eqs. (3) and (5) have been used to replace a and P| and the pres- 

sure in the solid has been written as a function of density: 
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^»fe-1) 
P    ■ K_ 1^=.   -  1| (34) 

where K    is the bulk modulus.     When p     is replaced  by  its  value  from 
s s 

Eq.   (32),  the differentiation  is performed,   and p'   is  set   ^o p   ,   the 

following is obtained 

2 

Pe 

Ifp       p       - p p "I 
.  K   L£_^£ 52 + _^_ a 

s  p              p                          2 
e L se so p J 

since 

Pse 

a K 
= P    + —rS (35) 

e 2 
a e 

K    p       - p 
s    se         so 

P    =  (36) 
e      a p e so 

and P 

e       p 
se 

a  (37) 
e 

where      P    is  the pressure in the porous material  at  p  = p 
e e 

p       is the  solid density  at the same point, 
se 

Then the parameter a can be determined  for prescribed values of the slope 

at  yield. 

2 
a 

e 
a = — 

K 
s •1 p    f    "  P  I <38) e dpi e 

"e 

the constant b in Eq. 31 is determined by requiring that p  r: p' = p 
s        c 

at consolidation. 
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1       /Pc-pse _    \ 

-pe\
Pc-pe / 

b =  (  - a | (39) 

The function thus defined for the  static distension ratio has no  extremum 

between p     and p    unless  (d P/d p   )   is negative  (downward  initial   slope 
o c e 

of the P-V curve) or the initial  slope greatly exceeds that required for 

a linear P-p' curve.    The value of  an "a" for an approximately linear 

P-p7  curve is 

a 
a =  ^—  (p    - p     ) (40) 

p-p c se 
c e 

This value of a is the largest value that would be used normally to fit 

data. 

The densities p  and p  are computed from the elastic relation on 
e     se 

the intermediate surface, Eq. (9), and the corresponding relation for the 

solid: 

^ 

P
e = *A- ^1 (41) 

/PSe   \ = K i = a 
S\Pso   /   e 

P   = K I 1  = a P (42) 
se   sip     /   e e 

where P and P  are pressures at the elastic limit, and K is the stiff- 
e     se o 

ness on the intermediate surface through the point p = p .  Eq. (41) can 
o 

immediately be solved for p 
e 

■•ft' ■) Pe = P_I— + M (43) 

From Eq. (3) the densities can be related to a 
e 

p  = a p (44) 
so   e 9 
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r 
Now Eqs. (42) and (43) can be solved simultaneously fur p 

se 

Pso 

"se =  FT- (45) 
e    so 

1  " K    p 
s    e 

Compaction Curve of POREQST 

The rate-independent  compaction curve of Seaman and Linde    was 

constructed to  be convenient   for fitting experimental data.     The compac- 

tion curve is divided into a series of parabolic  segments as shown in 

Figure 13.   The segments are specified by a series of densities:     p   , 

Pr.»   •••  P = »  where p,   = p     and p      is    at the point of consolidation.     Up 
2 5 1 o 5 

to  four segments are permitted.     Within each segment,   the curve  is defined 

by  the pressures at  each end of the  segment   (P    and P    for the  third seg- 

ment of Figure 13)and by the variation AP.    As  shown in Figure 13,  AP is 

measured midway between the specific volumes at each end of the  segment 

and is the vertical distance from the straight  line to the parabola.    With 

this definition,  the value of AP is negative in the third  segment  shown. 

These quantities—densities  and pressures—are readily determined  from a 

measured or estimated P-V curve:     these are the  input data  for the model. 

For the wave propagation calculations,   the  input  data  that  define the 

measured compaction curve are transformed to coefficients of  a quadratic 

series in specific  volume.     In terms of the input variables the parabolic 

form is 

(V - V   \ (v-V  )(V-V       ) 
i  I i i+1 

, i+1     i / (V       -V   ) 
(46) 

i+i V 

where V and V   are specific volumes at either end of the ith segment 
1      i+1 2 

and correspond to p  and P. .•  By gathering terms in V and V , we can 

rewrite Eq. (46) as 
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FIGURE  13      COMPACTION CURVE OF POREOST MODEL DIVIDED  INTO THREE 
PARABOLIC SEGMENTS 
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—. I  - 

P=P       +PV  +   PV 
ai bi ci 

where P  #   = P,   + - 
ai 1       p 

i+1 

i+1 

i\P p 
P    -  P 

2 1 
Pi+1 

i+l*  i 

bi       Pi+1 " Pi 

P    - P    -  4AP 
2 1 p . 

(Pi   +  Pi+l| 

1+1 

ci 

■ 2   ^      2 
4AP p        ,p 

^i+1  Hi 

(Pi+l  - 
Pi) 

(47) 

The quantities  P    ,   P    ,   and P      are computed in the code and  stored  for 
ai      bi ci 

use during the wave propagation computations. 

With only  three points to define each segment,   the  slopes  of 

the data may be poorly  represented.     The  slopes of  the parabolic  segments 

can be determined from Eq.   (47). 

dP 
dV 

V=V 
i 

P    -  P    -.-  4AP 
2         1 

dP 
dV 

V=V 

r2-ri 
' V         - V 

i+1         i 

dP 

V=V 

P    -  P    -  4AP 
2         1 

dV V         - V 
i+1         i 

(48) 

i+1 

where V = (V4  + V )/2 

These equations should be used to verify that slopes of the data are being 

fairly modeled by the parabolas.  If necessary the slope representation 

can be improved by using more segments or by repositioning the segment 

boundaries. 
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The point of consolidation may be more readily specified as a 

pressure P than a density.  Therefore, the consolidation density may be 
c 

given as zero In the Input,  Then the P value for the last segment Is 
m 

interpreted  as P    and used with the equation of  state of the solid to 
c 

determine the consolidation density.    The solid equation of state is 

usually given  in the Mie-Grlinelsen form 

P =   (tyi +  ty    + S^3)(l  - -%+ pFE (49) 
m 

where      C,  D,   S are coefficients of the Hugoniot 

F is Grlinelsen's ratio 

E is  internal energy 

u =  p/p       -  1. r so 
Eq, (49) is solved for p = p_, the consolidation density, with P = P 

5 c 
and E = 0.     The solution for p    is described in Appendix B. 

5 

Compaction Curve of Carroll-Holt Model 

3 
The Carroll-Holt model is based on an analysis of the spher- 

ically symmetric compaction of a single spherical void in rigid-plastic 

material.  The analysis led to the following relation between pressure 

and distension ratio: 

i _ e-|3P/2Y|| 
(50) 

Carroll and Holt suggested that this result could be extended to elastic- 

plastic material behavior through the use of Eqs, (3) and (5) and the 

stress-strain relation for a solid.  Then 

(51) 

wheve G = P  /p • 
so 
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r 
By eliminating a  between Eqs. (50) and (51) Carroll and Holt derived an 

expression relating P to p for elastic-plastic behavior. 

Here Eqs. (50) and (51) are used to find an expression relating a  to 

the density (represented by o' = p  /p).  The result is 
so 

- « -, + 6 /n (1 - -) (52) 
a      a a 

2Y 
where 0 = — 

3K 
s 

The absolute value sign in Eq. (50) is accounted for by letting 5 be positive 

for compression and negative in tension.  With Eq. (52) complete consolidation 

cannot occur although a  approaches arbitrarily close to 1.0. To permit 

consolidation, we introduce a small parameter f into Eq. (52) in such a 

way that a m 1,0  for a finite consolidation pressure P .  The new form is 
c 

then 

11 lx - = -, + 6 in (1 + c - -) (53) 

With a =  1.0, Eq. (53) can be solved for the consolidation density p  and 
c 

for the value of <y' at consolidation. 

- = — =1-6/1* (54) 
uso    c 

Under the assumption of a constant bulk modulus, an expression for the 

consolidation pressure P can be derived from Eqs. (54) and (34). 
c 

2Y 
P - — I** (55) 
C   t5 

For example, with c = 0.0001, P /Y = 6.15, 
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. -i- 

Equation (53) is solved for rv by an Iteration procedure. The 

starting estimate for the Iterations Is based on ty' because cy « a' except 

very near consolidation. To avoid an estimate of rv less than 1.0, the 

following estimate Is used 

a    = cv' for -, < 2  
1        a ^ c 

 1   *    i     o    i_ 
^i = i - a/a' - i/cv')/2 for Z'>2' „' 

c c 

From this first estimate a Newton-Raphson method is used to compute ry. 

Compaction Curve of Herrmann's P-o1 Model 

The most popular models for the compaction curve are those known 

5 
generally as the P-a model.  Here we use a quadratic relation between P and 

6 
oi,  which is available in WONDY IV as: 

\ c   v / 
a - I + (ay - I) I „ _ D | (56) 

where P . rv are the pressure and distension at the yield point 
y  y 

P  is the consolidation pressure, 
c 

In Eq. (56) Q- goes smoothly from a ■* the Initial yield to 1.0 at 

consolidation, as required.  Also the derivative drv/dP is zero at 

consolidation so there Is a smooth transition from porous to solid. 

The only parameters to specify are therefore P and P , quantities with 
c     y 

clear physical significance. 

This model is treated somewhat differently from the preceding 

three.  To preserve the continuity at consolidation, we presume that 

Eq. (56) is valid for all energy values up to melting.  The yield and 

consolidation pressures are Interpreted as P f(E) and P f(E), that is, 
Y        c 
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to reduced values  appropriate to the current   Internal energy.    To eliminate 

the Iteration procedure normally  required to  solve Eq.   (56),   we substitute 

densities for pressures in    Eq.   (56),     This  substitution in fact follows from 

Eq.   (56)   under  the  approximations 

(H P    =K    ( ll+rp     E (57) 
s s \o / so 

P    =  P (58) 
s 

The omission of a  in Eq. (58) Fcompared with Eq. (14)] Is the usual 

assumption of the P-Q- model.  Then Eq. (56) becomes 

2 

\   c   sy I 
a = 1 + (r, - 1) I — ^ I (59) 

where p  is the consolidation density at the current energy E, 
c 

p   is the solid density at yield and the current energy, 
sy 

Both densities are functions of internal energy.  The first step in 

solving Eq. (59) for ry is to  compute o  and p  ■ a P •  The yield point. 
c sy y y 

given by the  coordinates  (p   ,   P f(E),   E)   is on the  intermediate surface 
y y 

that passes through the initial density p .  It is computed from Eq, (21), 

i     0        1 
which is simplified because p = p .  The density p , the zero-pressure ro , ro u 

density defined at the current E, is related to p  through Eq. (19) 
o 

Then Eq. (21) is 

P* = P /T (60) 
u   of 

P . f (E) = k f (E) I -<-i - 11 (61) 
y       O 

(P T 

p 
0 
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Hence the density at the yield point is 

P 

H) Py = T
2 II + ^ I CG2) 

The distension ratio ■, = P  /p  is solved from the Mie-GrUneisen equation 
y   sy y 

by neglecting the Hugoniot energy and the D and S terms. 

'•(-"') 

P  =Kl—^.-ll+rp   E=GP (63) 
sy   s I p     I      sy     y y 

Inserting y p  = p   into Eq, (63) yields 
y y   sy 

K 
s 

Of     - 

y         0y 
K -z- + rp   E - 
Spso          y 

■ p 
y 

(64) 

The consolidation density p     is  found  from an  iterative  solution of the 
c 

Mie-GrUneisen equation with known E and P =  P f(E)       Then,  with p    = ao , 
c s 

Eq. (59) is a quadratic equation in ■> and can be readily solved.  With 

a  known, p  = cyp is obtained, and P is found from the equation of state 
s s 

of the solid.  The required pressure on the compaction surface is then 

P /a,  where we have now used Eq. (3) to define the average pressure in 
s 

the porous material. 

Rate-Dependent Compaction 

The process of void compaction requires some time to occur.  This 

time of compaction will appear as a rate-dependence in the constitutive 

relations.  Several models have been proposed to represent this rate- 

dependence:  three are incorporated here as options.  Each model requires 

one additional parameter, a time constant. 
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r 
All three have been constructed here in a common form, the one 

24 
suggested by Herrmann.   The volume change is separated Into three 

components as follows 

dV   dV    dV 
dV    s    ve    vp .„. 
— =   +   +  (65) 
dt  dt    dt    dt 

where dV is the change in solid volume 
s 

dV  is the elastic change in pore volume 
ve 

dV  is the plastic change in pore volume, 
vp 

The plastic change in pore volume is rate depende it and not elastically 

recoverable on unloading.  For instantaneous loads, only elastic changes 

occur.  For low rate loads, a large amount of volume change may be taken 

plastically.  For intermediate loads, the volume change is partly elastic- 

and partly plastic.  The foregoing process matches exactly the behavior 

usually assumed for rate-dependent shear deformation. 

Butcher's P-a—T Model 
7 

To account  for the rate-dependent  effects  that Butcher    observed 

in the compaction of  polyurethane foam,   he proposed  a  rate-dependent  model 

in which the dynamic  pressure could exceed the  static for short  duration 

loads.     He proposed the following relation between  the dynamic overpressure 

P - P      and  the  rate of change of distension da/dt. 
st 

d-y e e I st , 
— =      +  1  I (66) 
dt      dt dP   \     T 

where  y    is  the  value  of   >  for purely  elastic  compaction 
e 

P      is  the  pressure on the rate-independent  compaction surface 
st 

T is  a  time constant   and  •JOc /dp is  taken along a  loading path. 
e 

Rate-dependent  effeccs  can occur whenever the  pressure computed on an 

elastic  basis  exceeds  the pressure on the compaction surface,   P    .     The 
st 

pressures involved in the compaction process are shown on the P-V diagram 
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of Figure 14.    The dynamic pressure P can be approximated  as the following 

function of a. 

a - a 
st2   , 

p = p     +  (p   - p     ) 
st      a   - a e        st2 

e        st2 
(67) 

where a and U        are distension ratios corresponding to P , the pressure 
e     st2 e 

at the current density based on elastic behavior, and P  , the value of 
st2' 

P      at the current density.     The derivative da /dt  In Eq.   (66)  is  taken 
st e 

as a constant  for each time  step At. 

da      a   - a 
eel 

dt At 
(68) 

It can be shown that the derivative da /dP In Eq. (66) is given approximately 
e 

by 

da  a /   K \  /da \ 

^"^V0   V  \^/c 
(69) 

where (da /dP)  is taken as a material constant.  Equations (67), (68), 
e   o 

and (69) are then substituted into Eq. (66). 

^     a   - a      , /da\   /o - a       \/ 
22 . _• 1 + i _•) ( SH V  _ p 
dt At T \dP /   \a   - a      A e      st: y      /o ^   e st2' v 

(70) 

The following value  of a is  obtained by  integrating Eq.   (70)  and evaluating 

the  result  at  the  current time. 

L. Ü    L        x e   st2' 

+ a 

T(a - a  ) a - a 
e  st2 _e 1 

st2 ' At(P - P „) (da /dP) 
e  st2     e   o 

(71) 

This result indicates that a approaches a   as T goes to zero, and a 

approaches a as T goes to infinity, as required. 
e 
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FIGURE 14      PRESSURE-VOLUME DIAGRAM FOR POROUS MATERIAL SHOWING 
STATIC. ELASTIC, DYNAMIC COMPRESSION PATHS 
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Holt's Model  for Rate-Dependent Compaction 
2 

Holt    Introduced a rate-dependence that  Is  a  function of ^he 

difference between the current distension and the equilibrium distension 

at the same density: 

a = a    " T TT C72) s dt 

where n    is the value of a ^or  the density p on the static compaction 
s 

surface, and T is a time constant. This form contains the assumption 

that there is no elastic change in o- associated with changes in density. 

When this elastic change is included and the equation rearranged, the 

result is 

da_      cy ~ a _ 
(73) 

dt  dt 

dvaf    (y      a   . ry    e       st 

where do /dt is the elastic change.  Here &(& - a  )/dt is the rate of 
e e 

inelastic change in Q  and is proportional to the difference between 

.y  and a     .  Thus the rate goes to zero as a  approaches a     •  To integrate 
st st 

Eq. (73), it is assumed that da /dt is a constant, as in Eq. (68), and 
e 

that oi      varies linearly with time from a        to o   .  Then Eq. (73) takes 
st stl    st2 

the form 

dry    e 
dt    At ^^T^stl" Kt2--stl) ^J (74) 

The solution to Eq. (74) evaluated at the current time, is 

T . 
a =  ~(a  - rv. ) ^ a  ... 1 ^ A« *" Of .,) At  e   1    st2  ^t  st2   stl 

+ Q Ca - a ) - Q   + — (.a/        -a      ) exp^-^T^^ (75) 
| 1   ^t   e   1    stl  At  st2   stl J 

For small values of At/<ri a ~- a  >  while for large values of /\t/T» a — a      1 
e st2 

hence the physical requirements are met. 
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From a comparison of Eqs. (66) and (73), Holt's model appears 

to have a completely different physical basis from Butcher's.  However, 

similarity In the model can be demonstrated by placing Eq. (69) Into Eq. (66) 

and equating the right hand side to the right hand side of Eq. (73). 

da   a    - a P-P   da        a - a 
da          e        e        1 st    e       st             .„„. — =   +  —- .   =  (76) 
dt  dt   P - P T     dt    T 

e   1 B            H 

where T and T are time constants for Butcher's and Holt's models. The 
B     H 

time constants of the two models are related as follows 

da 
e 

T a    -a P-P 
B e        1 st       dP 

■  Ml                _ 

T P-P a - a       /O<Y> 
H e         1 st   IT- 

(77) 

P 

which Is obtained from Eq.   (76).    The two derivatives may be evaluated 

approximately: 

da         ap          ap ^         2 
e ^        so           ol _ a 

dP          K p         K p         K 
sis 

a 
" K 

(78a) 

and 

(78b) 

With the foregoing values of the derivatives, the relationship between 

the time constants is 

T   K 
-2 ^ -L. - 1 (79) 
T   K a 
H   1 

I' K a were nearly constant,   then the two models would be equivalent. 

Generally T„ will be much larger than T    for the same material.  We note H B 
that for K    = K /a,  the Butcher model provides no rate dependence. 

1        s 
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Linear Viscous Void Compaction 

The linear viscous void compaction model is derived from the 

25 26 
work of Berg  and Poritsky,   and from our observations of void growth. 

For this model it is presumed that the material surrounding the void 

follows a linear viscous law with a coefficient of viscotity T].  Ther, 

neglecting inertial and surface tension effects, the rate of change of 

unrecoverable relative void volume is 

dv      3(P -P ) y  ^ 
vp       s th (80)   _ -   v 

dt 4T|    v 

Thus the rate of plastic void collapse is dependent on the dynamic over- 

pressure. P -P . acting in the solid material, and on the current void 
s th 

volume.  With the presumption that pressures vary linearly during the 

time increment, Eq. (80) can be integrated to obtain 

v      = v       exp IP    - P      +  P      - P       l (81) 
vp        vo I       8r|l  s        th        so        tho/J 

where    v      is the relative  void volume at the beginning of the time increment 
vo 

P  ,   P      are pressures  in the  solid material  at  tho end and beginning 
s      so 

of the Increment 

p.n-»   p*.^    are t*16 threshold pressures  for growth  at  the end and th      tho 
beginning of the Increment. 

The elastic void volume change occurs  because of a change  in pressure from 

P      to P  .     The elastic modulus associated with this  change  is the one so s 
governing the void volume change from P      to P    .     Therefore,   this elastic 

so se 
change  in void volume  is 

P    - P 
s so 

AV       = -— (V       -  V v       \ (82) 
ve       P       -  P       ' 

se so 
/v      - V v      \ 
\  ve        o vo i 
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p - p 
V  = V   + |V  - V   \-Z ^- (83) 
s   sth  \  se sth/P  - P 

se   th 
(v  -V  V 
\ se   sth/I 

where V   and V  are solid specific volumes corresponding to P  and 
sth     se th 

p 
se.  Waen Eqs. (81), (84), and (83) are Inserted Into Eq. (65), the 

following results. 

P    - P P    - P 
s th        ,, s £ ———— _  v       +   

>       -  P so       P      -  F 
se        th se so 

AV =  V +   (V      -  V       \P' " V    -  V      +  
Ps ' V/w     - V V     ) 

sth       \ se sth/P      -P. so      P      -P     \e ovo/ 

fT At / 

+  v    V\ exp  (P    - P      +  P      - P 
vo   /        L    2   \ s th so thoj 

(84) 

exp —--(P    -P,+P      -P     \\^    exp T At/'p      - P       N 
K|     2  Vs th so tho/ 1     \ so tho> 

[T At "I 
1 + -i—h    - P  - P  + P   \ 

2 V s   th   so   thoH 
(85) 

where  v and v  are the relative void volumes associated with the 
e     vo 

pressures P  and P , and V and V are gross specific volumes, 
se     so o 

For the model calculations, the pressure Is determined by 

requiring the elastic and plastic void volume change and the solid volume 

change to match the total volume change as in Eq. (65).  The plastic 

volume change follows Eq. (81). 

The solid volume change is presumed to be linearly related to 

the solid pressures at the current gross density. 

■ 

where T    = -3/(4TI).  the growth coefficient. 

Eq.   (84)   is then solved  by Iteration to determine P   .     The  first  approxi- 
s 

mation is obtained by assuming that P    - P      are approximately equal to 
s   th 

P  - P . ,  The last term in Eq. (84) is then linearized as follows: 
so   tho 
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The resulting equation is then  solved  for P    = P ,  the first  approximation. 
s        s 

With P'   in Eq.   (84),  a value of AV = AV7   is obtained.     The second  itera- 
s 

tion begins with a linearization as  in Eq.   (85)  based on the assumption 

that  there  is  a  small  difference between  P    and P . 
s s 

The foregoing iteration scheme works best for small changes in 

density.  Therefore, a provision is made for subcycling in cases where 

large changes in density occur in a single time step. 

Discussion of Rate-Dependent Models 

All three of the foregoing models were derived to fit observed pore 

volume change data, and they were cast in a form like the modified 
13 

Maxwell element proposed by Zener  for shear stress relaxation,  But in 

fact, do any of these models really represent dynamic por collapse in 

a solid with a stress relaxation like the Maxwell model? This question 

27 
can be answered by a recent analysis of Carroll  in which he treated 

spherically symmetric void compaction in such a solid.  The equation of 

motion he obtained for the combination of void and solid material is 

P = P +(a) + Q(a,a,a) - „ , ^ ,. (86) 
st Jaia - i) 

where P is  the external  pressure and Q is  an acceleration term that mit;ht 

be neglected  in a macroscopic model.     Since the material  is  treated as 

rigid-plastic,   no elastic term  appears.     Comparing Eq.   (86)  with Butcher's 

model   in Eq.   (54)  and neglecting Q and the elastic term in  (54),  we  see 

that  the time constant T must  be given by 

TdP 4n 
' _ ' 1 C87) 
da      3a(ci - i) e 

Thus dP/da    must  be given a  special   form  for f to remain constant, 
e 

The usual   form for the  linear viscous model can be derived from 

Eq.   (86)   by  replacing a with v     through the aid of Eq.   (6).     The resulting 
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   Bik . »I.    i .„ ■-.. 

expression,   neglecting Q,  Is 

4TIV 

P = P ,. - -—■ (88) st Jv 
V 

which is equivalent to Eq. (80) for rigid-plastic behavior with the solid 

pressure equal to the porous pressure.  Thus the linear viscous model used 

here has the correct physical form for describing pore collapse in elastic- 

plastic material from initial yielding to full compaction. 

Rate-Independent Fracture Surface 

The fracture surface is defined in P-V-E space in the same way 

as the compaction surface. The shape is similar to the compaction (yield) 

surface shown in Figure 2:  the ordinate increases in the tensile sense 

with density, and decreases with increasing internal energy.  A curve on 

the surface la shown in Figure 8. The intercept of the surface with the 

solid equation of state determines the threshold pressure for fracture of 

solid material.  All other points define thresholds for porous or par- 

tially fractured material.  The surface is assumed to be unique so, for 

a given (p,E) state, the behavior is the same whether the porosity results 

from fracture or from the manufacturing process. Two options are provided 

for treating this surface.  In the constant strength option, the threshold 

pressure in the solid material (P ) is taken as a function of internal 
s 

energy only.  Then the threshold pressure P in the porous material decreases 

with increasing a, because P = P /a.  The second option is the Carroll- 
3 

Holt model, which is also used in compression. The algebra of this model 

is handled as described earlier. 

Rate-Dependent Fracture 

Fracture occurs gradually through the nucleation and growth of small 

voids or cracks.  Because these processes require time, a rate-dependent 

relationship should be used for dynamic calculations. Currently the PEST 
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8 
subroutine contains the SRI model for ductile fracture. 

The ductile fracture model fits naturally Into the PEST subroutine 

because they are both concerned with pressure and not with devlator 

stress.  The ductile fracture model has been described In detail else- 
8 

where and Is simply summarized here. 

The nucleatlon rate Is given by the expression 

fs " PtM 
ft = No exp^ 

0 p  
t") (89) 

where       P      Is  the threshold pressure  In the  solid material  required to 
th 

permit  nucleatlon.    The corresponding pressure on the rate- 

dependent  surface is P      = P    /n. 
st   th 

P  Is a parameter governing the sensitivity of the material 
nl 

to nucleatlon. 

N is a nucleatlon rate constant, 
o 

The voids are presumed to be nucleated according to a distribution: 

N (R) = NAt exp(-R/R ) (90) 
g n 

where  N is the number of voids per unit volume larger than R 
g 
R is a nucleatlon distribution parameter 
n 

At is the time increment. 

By Integrating wl;h respect to R over the entire distribution, we obtain 

a nucleated void volume 

4  3 • 
Av  = 6 • - TTR NAt 

n      3  n 

= 8 ffR N At fcxpl "    "' ,t r      '""/     (01) 
(P-P  +P  -P  \ 

s   th   so   tho I  ^z—/ nl      ' 

Here P  and P^.  are threshold pressures at the end and beginning of the 
th     tho 

time Increment. 
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The void growth rate is given  by 

3(P    -  P     ) 
s         th 

v    = :  v (92) 
v 4? | v 

where P  is the threshc-td pressure for growth. There is no theoretical 
th 

justification for using solid pressure rather than gross pressure in 

Eq. (92).  However, use of the solid pressure permits fracture to continue 

to full separation rather than being quenched when the pressures are low. 

Thus this form is used until more is learned about the late stages of 

fracture. 

The solution for pressure in the ductile fracture model proceeds as 

in the linear viscous void model with the addition of nucleated volume as 

part of the plastic void volume change.  The exponential in Eq. (91) is 

approximated, in the same manner as the growth exponential in Eq. (85). 

Summary of Model Changes 

Most of the foregoing models for porous behavior are derived from 

work of other investigators. The following changes were made in these 

models to put them into a form suitable for insertion into PEST. 

• The Holt model was augmented to include elastic behavior, 
deviator stresses and the effects of internal energy. 
Also the static P-V curve was given a different analytical 
form because Holt's form did not increase monotonically. 

• The POREQST was improved to provide a more rigorous treatment 
of the intermediate surfaces. 

3 
• The Carroll-Holt    model was expanded to  include elastic  behavior, 

deviator stress,  and thermal effects. 

5 
• Herrmann's P - a model was recast as a p - oc model, and 

changes were made for elastic and thermal behavior. 
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7 
• Butcher's model was modified to Include thermal effects and 

deviator stresses. Also the treatment of elastic behavior 

was altered slightly, and the relation between pressure in 

the solid and porous material was changed from P = P to P = ctP- 
3 S 

• The dyn.unic fracture model was altered to permit elastic behavior 

of the pore volume. Previously the void volume was allowed to 

change only by viscous growth and not by elastic expansion. 
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Ill  EQUATION OF STATE FOR SOLID MATERIALS 

In hydrodynamic calculations, the equation of state provides the 

pressure as a function of Internal energy and specific volume. (In a 

complete equation of state pressure, energy, volume, temperature, and 

entropy are determined.) The material may be treated as solid, liquid, 

or vapor or in a mixed phase.  In simple equations of state, such as the 

9 
one used in the PUFF code,  an accurate treatment is given of the equation 

of state surface only in the vicinity of the Hugoniot. Since it is presumed 

that the material expands similarly to a perfect gas, a modified gas 

equation is used for expanded states.  Between the Hugoniot and the highly 

expanded states, a fitting function is used. For computer calculations 

to follow wave propagation in a material, a choice must be made between 

the simple and sophisticated types of equation of state. The sophisticated 

equations of state may require much more data than are available.  Even 

if available, these data are normally procured at static testing rates, and 

therefore the data and possibly the form of the equation of state are 

inappropriate at shock loading rates.  Although the simple equation of 

state provides little insight into the detailed behavior of the material, 

it has the advantage of containing only a few parameters that must be 

varied to match the experimental data. 

In the current SRI PUFF wave propagation code, three equation-of-state 

options for solids are provided. The first is the usual PUFF equation of 

state: a combination of the Mie-Grllneisen form for compressed states and 

the PUFF expansion relation for expanded states.  As a second option, an 

extended version of this PUFF equation of statt was constructed and 

incorporated into a subroutine ESA,  This new equation of state adds 

some flexibility in fitting dyno-lc and thermal data. The third option 

is the three-phase equation   „..ate constructed by Philco-Ford and 

implemented in the subroutine EQSTPF. The ESA and EQSTPF options are 

described here and listed in more detail in Appendices D and C. 
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Extended Two-Phase Equation of State: ESA 

The ESA equation-of-state model constructed here is intended to 

simulate approximately the more complex surfaces of the multiphase 

equations of state while retaining enough simplicity that its parameters 

can provide a match to experimental data.  Specifically the new model 

should provide the following three features; 

(1) Variable Grlineisen ratio as a function of energy and density. 

(2) A nonlinear variation of pressure with energy at 

constant density. 

(3) An approximate simulation of unloading isentropes 

of the multiphase equations of state. 

The ESA equation-of-state model is constructed in the following 

way.  A Mie-Grlineisen form is adopted for compression, and terms are 

added for varying the Grlineisen ratio and producing the nonlinearlty 

in internal energy.  For the expanded states, the forms used are similar 

to those used in the compression states for varying Grlineisen ratio and 

internal energy.  In addition, a series expansion is made in density. 

As with the PUFF equation of state, the expansion and compression forms 

are joined at the initial solid density.  At that density the pressure 

must be equal in the two forms and the derivative DP/Dp must be equal 

from both expressions.  Additional constants in the expansion equation 

of state are evaluated by requiring that the equation of state surface 

pass through given pressure, donsity, energy state points.  Such state 

points might be the zero pressure melt point, a boiling point, and a 

critical point.  Or one or two of them might lie on an unloading isentrope 

obtained Xioin experimental data or from a multiphase equation-of-state 

calculation. 
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For compressed states, that Is, states where the density Is greater 

than the initial solid density, a modified form of the Mle-Grli'.ieisen 

equation of state is used.  The following form was adopted: 

(r M-    r M-  \ 

(93) 

P = (CM, + Du  + Su ) |1 - — — | + (!„ + r,M')PE 

2 
+ (F  + F U) E 

1    2 

where C, D, S are usual Hugoniot coefficients 

u, = p/p  - 1 is strain 
o 

p is density 

p  is initial density 
o 

f , F are Grilnelsen coefficients 

F , F are constants for nonlinear energy effect 

E is Internal energy. 

In Equation (93), f  is the usual Grilnelsen ratio, f doscribes the 

variations of Grüneisen ratio with density.  For example, to make the 

factor fP approximately constant, let f = - F .  The derivatives of 

the pressure from Equation (93) are used to assure continuity with the 

expansion equation and to determine the sound speed.  These derivatives 

are 

(ta - - 2 i      V    V2 II 
*   2DM,   +   38^   ) I 1  " -^ 1— I- 

2 3       I     r0 
+ (CM, + Dp,   + Su )   |- -— r M- 

2 
F  E 

+ (rn + r
n + zr u) E + -:L— (94) Oil p 
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(i)    ■   % +  V)P  +  2(Fi  + F2,)E (95) 

The equation of  state  for expanded material,  that  Is,   for p  less 

than p    is: 
0 

2 
P = p(go + g1P)E + p(ho + ph )E 

2 3 
+  (p  - D0)   (bo + bip  + b2o    + b3p  ) (96) 

where g  ,  g, ,   h  ,   h  ,  b  ...  b    are constants. 
0      1       0       1       0 3 

In equation  (96)   all the terms are written as functions of p  rather 

than u as in the compression equation of state.     The p  form is used 

so that  as p  approaches 0,   the nonlinear terms  in p  will disappear and 

the equation approaches the perfect gas form P =  pFE. 

For use in the  sound  speed calculations which are given later,   the 

two derivatives  of  Equation   (96)  are listed: 

(fP)   - (go + 2gip)E + (ho + 2V)E5 

+  (brt + b D + bop    + h P  )  +  (p  - p  )(b    + 2b P  + 3b P  )   (97) 
0 12 3 O       1 Z 3 

(S)   = p(go + gip) + 2p(ho + phi)E (98) 

A smooth Joint at p = p is produced between the compressior and 

expansion equations of state by requiring that the pressures and the 

derivative of pressure with respect to density are equal at p = p • 
0 

For making this Joint calculation it is presumed that all the parameters 

of the compression equation of state are known and that the Joint require- 

ments serve to evaluate some of the expansion parameters.  With this 
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approach and the  use of Eqs.   (93),   (94),   (96),   and   (97),   we obtain 

the following conditions: 

g = r   - r. 0 0 i 

K, = ^— 
1 po 

h = — (2F  - F ) 
0   Po    1    2 

hl -—2iF2-  Fl) 
P0 

(b0 + blP0 + b2P02 + b3P03) " f (99) 

Evidently three more conditions can be imposed to evaluate the b terms 

in the expansion equation of state. The conditions we wish to impose 

are that the expansion equation of state surface pass through three 

state points identified as follows: 

(P1' V V' (P2'P2' V' ^ (P3' P3' V 

For convenience in evaluating the b terms in the expansion equation of 

state, we introduce a new variable R, which is simply the contribution 

of  the b terms  to the pressure  In Eq.   (96). 

2 
R =  P -  p(go  + gip)E  -  p(ho + oh^E 

=   (P   -  P0)(b0 + b p   +  b2p2 + b3p3) (100) 
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The solution for the b coefficients can now be obtained by Inspection by 

rewriting K In the following expanded form: 

A (o - po)(p - pi)(p - p2)(p - P3) 

"  (P   - P  ) (P   - P  )(P   - P  ) K0   1   0   K2  H0   3 

2 
A^P - P0) (p - P2)(P - P3) 

+  2  
(P1 -P0) (P1 "P2)<P1 -P3) 

A2(p - Po) (p - Pi)(p - p3) 

+  2  
(P2-P0) (P2-P1)<

p
2-P3) 

2 
A3(P " P0) (P " Ol)(o " P2) 

(P3 " P0)2(P3 " P1)<P3 - P2) 

(101) 

where the A    are constants  to be determined.     The constants  are evaluated 
i 

from the following observations: 

R =  0    at     p  =  p 
0 

R =  A     at     p   =  p       for     1  =  1,   2,   3 
11 

dR — = A    at   p   =  p (102) 
do 0 0 

By comparing the conditions In Eqs. (102) with Eq. (100) we can evaluate 

the constants as follows: 

A„ = — (103) 
0   Po 

Ai = ^ - pi(go + Bi pi)Ei - pi(ho + hipi)Ei    i " 1'2'3 
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Thus a complete solution Is now available for all the constants in the 

expansion equation of state.  However, for the computer calculations it 

will be expedient to evaluate the b terms from the A terms.  This 

evaluation is performed in two steps:  first, multiply all the factors 

in the numerators of Eq. (101) to obtain series expressions in p.  For 

convenience the following difinitions are made: 

A 
o 

a = 
o   (po- P1)(po - P2)(oo - o3) 

A 
i 

a = 

(Pi- Do)2(Pi ■Dj)(Pi "V 
i - 1, 2, 3       (104) 

i ^ j ^ k 

Now when the expanded terms are collected into a single series in p, the 

b terms can be evaluated as follows: 

b - - a P,o p - «.P PJ», - a
o0 o p - «-P P.P. 

o     o   2 3    1 o 2 3    2ol3    3 o 1 2 

bi = PoPi(a2 +  a3)   +  PoD2(ai  +  ij  + p^   (ai  +  a^ 

+ pp     (a    +a)  +  pp     (a    +a)+oD     (a    +a) H1K2       o 3 Hr3       o 2 2  3       o 1 

b2=  " Po(ai  +  a2  +  a3)   ■  Pl(ao+  a2  +  a3) 

n(a     +a     +a)+ü(a    +a    +a) H2     o 1 3 M3     o 1 2 

b    =a    +a     +a„  +  a„ (105) 
3        o 1 2 3 
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Besides computing pressure,   the equntion-of-state  subroutine In a 

wave propagation computer code  Is  often required to compute  sound speed. 

For  the present calculations  the  sound speed  referred  to is  the bulk sound 

speed,  dependent  only on the pressure term.     The square of  the  sound  speed 

is  given as  the derivative of  pressure with density  along an  isentrope 

and  has  the following  form: 

Since the present equation-of-state model does not include entropy, the 

first form for the sound speed cannot be evaluated. However, the sound 

speed can be determined from the other two derivatives; these are given 

in  Eqs.   (94),   (95),   (97),   and   (98). 

Phllco-Ford Equation of State 
10 

The Philco-Ford model       is  a  three-phase equation of  state  for metals. 

It  was  selected  for the present  project because it   appeared  to provide 

enough flexibility  that  it  could be applied to ceramics  and other nonmetals. 

This equation of  state was  incorporated into a subroutine described by 

Goodwin, et al.    Our subroutine  is  organized very differently  from Goodwin's, 

but  the equation of  state is not  modified.    This equation of  state is described 

in  some detail here because of  the unavailability  of Goodwin's  report. 

This model  treats  specifically the solid,   liquid,   and vapor phases, 

mixed  liquid-vapor  and  solid-liquid phases,   and the  phase boundaries.    These 

regions  are shown in Figure  15.     The solid phase is  handled by  a Mie-Grlineisen 

equation of  state.     The pressure-volume-temperature  relation  for the solid- 

liquid  mixed phase  is  the Clapeyron equation.     In addition It  is assumed 

that  the following ratio is  independent of  temperature. 
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FIGURE 15     PRESSURE-VOLUME DIAGRAM SHOWING PHASES AND PHASE BOUNDARIES 
OF THE PHILCO-FORD EQUATION OF STATE 
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. 

E   (T)   -  E   (T) AF. 

-i i-       =    -2 (107) 
V (T)   -  V   (T) AV 
IB O 

Here E    and E    are internal energies  in liquid  and solid. 
Z s 

V and V are specific volume of liquid and solid, all defined at 
£ s 

the same temperature. 

AE is approximately equal to the heat of fusion at zero pressure, 
o 

AV is the volume change from solid to liquid at zero pressure, 
o 

Then the Clapeyron equation takes the form 

AE 
P(T) =   ( —) - 1) (108) 

AV      TM o   M 

where T  and T    are  temperature  and  temperature of  melting.     The  internal 
M 

energies E and E in the liquid and solid phases in the mixed phase 
^     s 

region are computed from the following relations 

AC T 
M 

E  = E  + C T (T/T -1)    (T /T - 1) (109) 
£    io MM       2     M 

E  = E  + C T (T/T - 1) + — (T/T = 1) (110) 
s   so     M   M 2    M 

where E  and E  are internal energies at zero pressure on the phase 
j/o so 

lines on either side of the solid-liquid region. 

C is the average specific heet  at constant pressure in solid 

and liquid phases. 

AC is the difference between liquid and solid specific heats. 

The phase line between solid and mixed solid-liquid phases is obtRined 

by equating pressures in the two regions at the same density and internal 

energy.  The phase line between the liquid and the mixed solid-liquid 

phases is determined by computing the point where the solid fraction of 

material just reaches zero. 

77 



The liquid phase equation of state is simply an interpolation function 

between the phase lines on either side.  The interpolation is a combined 

linear and logarithmic function of density along lines of constant 

Internal energy. 

The phase line between liquid and more expanded states is given by 

the Hirschfelder relation up to the critical point. 

— = 1 + c 
Pc "  '     "1 

1/3 

where p  is the density in the liquid ph^se 

p  is the density at the critical point 

T and T are variable temperature and melting temperature 
M 

c  and d are material constants. 

Above the critical point the phases are divided arbitrarily by the specific 

volume at 'he critical point.  The pressure in the mixed liquid-vapor phase 

is given by a modification of the Clapeyron equation. 

T 
P MT 

in — = (a - (v )(i - — ) + a    pn — (112) 
P     ab     T      b   T 
c M 

where P and P are pressure and pressure at the critical point 
c 

(v and a    are material constants, 
a     b 

The internal energies E and E in vapor and liquid states in the mixed- 
V      £ 

phase region are given by 

2 

E     =  E    + C T - Z RT f (k    +  2k    T /T) —  ( — I ] (113) 
v o v ceo 1c p T\p/ 

c c 

„   rCo'   - ^U)T -1 
.Pa        be 

E     =E    -ZRTo(V    -V)  —      + a    -  1 
£vcccv£PLT bJ 

(114) 
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where E Is the Internal energy of ideal gas at zero temperature 
o 

C is specific heat of vapor of constant volume 
v 

Z = P V /RT , nonideal gas compressibility factor at critical point, 
c   c c  c 

T (P , V , p are temperature, pressure, volume, nnd density at 
c c   c  c 

critical point. 

p , V  are density and specific volume of vapor 
v  v 

V is specific volume of liquid 
t 

k , k , k , (Y i rv are constants 
o  1   2  a  b 

R Is the gas constant. 

The pressure in the vapor state is given by a relation due to 

Hirschfelder, a generalization of the van der Waals equation of state. 

 BH r-aM -af- (115) 

b and b' and material constants 

a and a' are functions of T/T . 
M 

The phase  line between  vapor  and mixed  liquid-vapor phases is  found  by 

equating pressures  in the two regions  at   the  same internal energy  and 

density. 

The SRI   subroutine  incorporating the Philco-Ford model is given  in 

Appendix C  together with a description of  the nomonclature and  sample 

input  data  for aluminum,  beryllium,   anci  titanium. 
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IV  METHODS FOR DERIVING POROUS MODEL PARAMETERS FROM DATA 

To derive a set of constitutive relations for porous material it 

is necessary to have a quantity of material data available. The cost 

of data acquisition can be reduced by performing only those 

experiments that will provide the most important data.  Several of the 

common sources for data and the types of data that may be obtained from 

them are Described here. Duplicate sets of information may be obtained 

in many categories, but this is often necessary because of the uncertainty 

in the data from each source.  In addition, some data may be obtained at 

static testing rates and room temperature,whereas the information desired 

would pertain to impact testing rates and near melting.  In the absence 

of better data, however, the static, low-temperature data can be useful 

in guiding estimates. 

With the available set of data summarized, the methods used for 

constructing the material model are developed.  This construction proceeds 

in two steps.  First the data are used to construct graphic forms for such 

functions as the compaction curve and the thermal strength reduction factor. 

When all the necessary functions have been constructed, a set of mathematical 

models describing each aspect of the constitutive relations for porous 

materials is selected, and the parameters for these models are chosen by 

fitting them to the appropriate functions. 

Data Sources 

For most materials, some handbook data are available for solid and 

possibly for porous material.  The thermal expansion coefficient for the 

solid material aids in constructing the intermediate surface for the porous 

material and guides the selection of the Grlineisen ratio for solid and porous 

material.  The bulk modulus aids in constructing the intermediate surface 

and also in reducing Hugoniot data into separate pressure and deviator 

stress components.  The Grlineisen ratio and Hugoniot parameters for the 

solid arc- indispensible in constructing the equation of state for the 
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porous and solid material.     Sound speeds and    the Polsson ratio can be 

helpful  in determining shear and bulk moduli  irom Hugonlot data.    The 

shear modulus   is  also helpful  in interpreting Hugonlot data.     Thermal 

strength reduction information is usually  available from slow testing- 

rate experiments  and can give a lower bound on the true thermal strength 

reduction factor for dynamic experiments.     The yield strength can aid  in 

interpreting Hugonlot data  and in providing  fracture parameters  for porous 

and  solid  materials. 

Quasi-static one-dimensional compression experiments are often 

conducted on porous  materials  to obtain the  crush curve,   taat  is,   a 

loading line  across  the compaction surface  in energy-pressure-volume 

space.     If intermediate unloading and  reloading occur during the compression 

experiment,   bulk moduli may be obtained to  aid  in determining the intermediate 

surfaces  for the porous material.     If  lateral  stresses  are measured  as well 

as  axial  stresses,   an  indication of  the magnitude of the deviator stress 

is obtained. 

Impact  experiments can provide  loading  and  unloading paths  and  the 

equatlon-of-state  surface for the solid  and the constitutive  relations 

for the porous  material  at  the appropriate  testing rates  and temperatures. 

If multiple embedded  gages are  used  and  a Lagranglan analysis  is performed 

on the resulting  stress or velocity records,   unloading moduli may be 

obtained  for construction of  the intermediate  surfaces of the porous 

material.     If a Lagranglan analysis is  not  performed,   it will be necessary 

to construct  a possible set of constitutive  relations and then simulate 

the experiment with a wave propagation computer program.     If the computed 

stress or  velocity histories match the experimental results  closely enough, 

it  is assumed that  the constitutive  relations  are  correct. 
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Electron beam and x-ray sources provide a means for nearly constant 

volume heating of the material; this condition allows for a study of the 

constitutive relations In a direction unobtainable by other means.  Usually 

stress or velocity gages provide records at several points in the target. 

Impulse may also be measured.  Although the measured results do not give 

any equation-of-state Information directly, important data can be obtained 

by estimating the complete set of constitutive relations for the porous 

material and then attempting to simulate the entire experiment with a 

wave propagation computer program.  Modifying the constitutive relations 

until the computed histories match the gage measurements provides evidence 

about the crush curve in the energy direction, the Grünelsen ratio for 

porous material, the moduli in the porous material, and the vapor equation 

of state.  To guarantee that the resulting set of constitutive relations 

will be applicable to a wide range of behavior, the radiation data base 

must include experiments in which the radiation dopth is both shallow and 

deep, and the fluence levels must range from those that cause only yielding 

up to those that cause significant vaporization. 

Construction of the Constitutive Relations 

Constitutive relations for a porous material are developed in two 

stages.  First all the data are gathered,and all the necessary functions 

and parameters are estimated.  However, much of the data, such as attenuation 

data and electron-oeam and x-ray measurements, cannot be used directly to 

construct the constitutive relations.  Therefore, the next stage is to 

use the estimated relations to simulate some of the experiments with wave 

propagation calculations.  In this stage the Initial constitutive relations 

are modified to provide a satisfactory match between the recorded stresses 

or velocities and the computed values.  In the following discussion the 

functions required for the constitutive relations are listed and methods 

for making initial estimates are described. 
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Construction of the constitutive relations for a porous material 

begins with the determination of the equation of state of the corresponding 

solid.  Hugonlot data, Including the bulk modulus, solid density, and 

Grlinelscn ratio must be available.  The yield strength and shear modulus, 

melt energy, and sublimation energies are also necessary to give even a 

minimal definition to the equation of state.  If experimental data are no^ 

available on the solid, estimates of some of these quantities can be made. 

The solid density can be estimated from the theoretical density.  For 

example th.? density of HfTIO could be estimated by the method of mixtures 

from the densities of HfO and TiO .  Moduli, melting, and vaporization 

parameters of the unknown solid may be obtained from measurements on 

substances from the same family.  Such estimated values should not be 

regarded as accurate but may be sufficient for treating material Lhat 

remains porous throughout the calculations. 

The Grilneisen ratio should be taken from energy deposition experi- 

ments if possible.  It should provide the relation between internal energy 

and pressure for specific volumes near the initial specific volume.  Impacts 

may give some circumstantial evidence of Grilneisen's ratio, but only for 

densities and pressures that are not critical for simulating x-ray depositions. 

Thermal expansion and specific heat data may be combined to form a Grilneisen 

ratio as follows 

K cc 
s t 

T =  (116) 
P  C 
so p 

where C is the specific heat at constant pressure.  However, this method 
P       ' 

of computing F is usually unreliable.  To have any meaning, the four 

quantities must be known at the same pressure and temperature.  If possible, 

Eq. (116) should be based on average values over the range of temperature 

of interest.  Thus we recognize that f, ^ , K , and C are not constants 
t  s      p 

and that average values obtained in the temperature, pressure, and density 

ranges of interest must be used. 
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The development of constitutive relations for the porous material begins 

with the construction of a series of functions: a thermal expansion function, 

thermal strength effect, compaction curve, fracture curve (fracture strength 

as a function of porosity), bulk moduli as a function of porosity and energy, 

rate functions for pore collapse, and a dovlator stress function.  These 

functions cannot be treated independently.  Normally one attempts an Initial 

construction of each function and then modifies them slightly so that they 

do not conflict in their representation of a porous material.  These functions 

are presented here in an arbitrary but possible order that might be followed 

in constructing the functions. 

Thermal Expansion Functions 

The thermal expansion effect, referred to in Eqs. (18) and (19) 

governs part of the intermediate surface construction.  Usually a  ,   the 

volumetric thermal expansion coefficient! can be obtained from room temperature 

measurements.  If possible, it is important to obtain an average value that 

is valid from room temperature to melting.  Such a value aids in determining 

the Grünelsen ratio.  If the energy and density at incipient melt, E  and 

i 1 M 

p , are available for an initial density p , then Eq. (20) provides the approxl- 
M O 

mate result 

r = - 
so M 1 p 

-2- l (117) 

M 

If this Griineisen ratio conflicts with that in the solid equation of state, 

adjustments must be made based on the relative certainty of the two ratios. 

Thermal Strength Effect 

As a material is heated, its strength is usually reduced.  Handbook 

data such as that shown in Figure 16 are often available to guide in construct- 

ing this function.  The analytical function representing the strength effect 

is constructed from two parabolas as shown in Figure 12. The five parameters 

shown in the figure are two abscissas, an ordinate at the joint between the 

parabolas, and the midpoint distances from straight lines.  These values can 

all be easily selected from a strength-energy ".urve. 
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FIGURE 16      VARIATION OF STRENGTH WITH TEMPERATURE FOR  1100 ALUMINUM: 
EXAMPLES OF THERMAL STRENGTH REDUCTION  FUNCTIONS 

85 



  '   *" 

28 
If a set of electron-beam data, such as that of Shea et al.  on 

copper, is available, it should be used.  These data have the advantage 

of representing the heating rate and loading durations of most interest. 

Bulk Modulus 

The bulk modulus varies as a function of both porosity and internal 

energy.  In the model we have presumed that the thermal strength effect 

also governs the reduction of the modulus.  If this is not true, an additional 

function should be used.  Data may be assembled in the form shown in 

Figure 17, which also shows the theoretical variation of modulus with 

porosity from Eq. (11).  The static data are from reference 29.  All the 

data may be plotted on a single curve by using k = K /f(E) as the ordinate 

i   i ' i 
and p = P (1 + Fp  E/K ) as the abscissa.  From the fit of the k ,p 

o so  s i o 

data to the model curve, an appropriate value of K can be chosen.  This 
o 

value of  K    may  disagree with that  from ultrasonic data.     In case of 
o 

conflict,   a choice must be made based on the relative reliability of the 

data and on the importance of the effects  attributable to each measure- 

ment   (attenuation would depend on the unloading modulus;   precursor arrival 

would follow sonic  velocity). 

Compaction Curve 

The compaction curve at  zero internal  energy  is constructed  from 

a combination of  static  compaction data and  Hugoniot data on porous 

materials.     The Hugoniot  data should be modified before plotting,   as 

shown in Figure  18.     Here Eq.   (22),   the expression for pressure on the 

intermediate surface has  been used to eliminate  the effect of  internal 

energy in reducing  the pressure and p   .     The  zero-energy pressure and 
o 

density are then 

P    =  P/f(E) (118) 
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The pressures in Figure 18 were not modified because f(E) 3; 1.0 for the 

impacts up to 120 kbar, and the higher pressure points were assumed to 

lie on the solid equation of state, not on a compaction surface.  With 

the data shifted according to Eqs. (118) and (119), there should be a 

unique, zero-energy compaction curve generated.  This compaction curve 

can be fitted to any of the four models included in PEST.  With the data 

in pressure-volume or pressure-density form, the POREQST model is the 

easiest to use because it requires the input of a selected set of coordinates 

along the compaction curve.  The Holt, Carroll-Holt, and Herrmann P-a 

model parameters can also be easily selected from the plot, but there is 

no guarantee that the entire analytical function will fit the data. 

Therefore if one of these P-cv formulations is chosen, it is advisable 

to make a P-Q- plot of the data and the compaction curve of the model to 

assure that the fit is satisfactory. 

Rate Effects 

Loading rate or load duration has some effect at all testing 

speeds.  However, the effect may not be important in comparing data from 

tests that differ only by an order of magnitude in loading rate.  In 

these cases it is often possible to use a rate-independent model to 

describe rate processes.  If the data strongly indicate the presence of 

rate effects, then these effects may be fitted to one of the rate- 

dependent models. 

For rate-dependent compaction, each of the three models has only 

one free parameter.  That parameter can best be selected by constructing 

a series of loading curves as a function of the parameter, us shown in 

Figure 19, and comparing the curves to the data.  Alternatively, it may 

be desirable to select the appropriate time constant or viscosity coefficient 

based on known shock-front thickness, void growth information, or other 

auxiliary data.  The loading curve prescribed by this choice of the time 

parameters should be checked by comparing it with the data. 
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Devlator Stress 

Even weak porous  materials sustain some shear or devlator stress. 

However,   this  stress Is not   available from dynamic one-dimensional  planar 

experiments and  Is  usually  not  obtained  In  static experiments.     The measured 

stress is  a sum of the pressure  and devlator stress  in the direction of 

propagation.     With no experimental  constraints on the magnitude of  the 

devlator stress,  the analyst  often presumes  that there is none:     this 

choice has prevailed among users of P-a models.     If it is desirable to 

postulate the presence of  a devlator stress,   some circumstantial evidence 

may be available to guide the prescription: 

• Strength of the material  in static tensile or 
compresslve measurements. 

• An initially large unloading modulus corresponding 
to K + 4G/3 followed by a gradual reduction to the 
expected bulk modulus. 

• The shear strength of the solid material. 

• The difference between the stress compaction 
surface resulting  from Impacts  and compaction 
surface from electron beam experiments  (which 
represents only pressure). 

Together these data can be  used to prescribe a shear modulus  and initial 

yield strength,  plus  a work-hardening modulus that will  allow the yield 

strength to reach the solid  value  at consolidation. 

Minimum Data Required for Characterizing Porous Materials 

Often it  is necessary to construct constitutive relations  for a 

material  for which there are few data.     A minimum number of experiments 

must be planned to provide the needed data.     To discuss  this problem we 

have divided the constitutive relations  into three groups:   solid equation 

of  state,   compaction and intermediate surfaces,  and  fracture behavior. 

The determination of  the solid equation of state requires   several 

well-instrumented Hugoniot  and attenuation experiments plus  some electron 

beam or x-ray measurements.     At  least  three Hugoniot flyer-plate impact 
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experiments should be planned at three stress levels spanning the expected 

range of interest. Each impact should have multiple, embedded gages.  These 

experiments yield three Hugoniot points and three unloading paths, providing 

the Hugoniot function, bulk modulus, and estimates of yield strength and 

shear modulus.  These Hugoniot impacts should be supplemented with at least 

two attenuation experiments to verify the unloading behavior. 

To explore the high energy states of the solid it is necessary to conduct 

some electron beam or x-ray experiments.  For electron beam experiments a 

choice must be made between voltage levels (which determine depth of deposition 

and uniformity of the radiant energy through the material) and total fluence 

levels.  A pressure-energy relation is needed that spans from low energies 

to the highest values of interest in the x-ray simulations.  A low-voltage 

beam givea a range of internal energies in a single test and is therefore 

well-adapted for a rapid survey of material over a wide range of internal 

energies.  Two or three tests covering the range of energies of interest 

are probably enough if accurate depth-dose profiles and stress records 

are obtained.  Because of the usual variability of electron-beam data, 

each experiment should be replicated three or more times.  The electron- 

beam records are used to compare with stress or velocity histories computed 

in a wave propagation simulation.  In preparation for this simulation the 

impact data must have been used to generate a complete equation of state. 

Then the electron-beam data provide a basis for altering the Gruneisen 

ratio, sublimation energy, and other vapor-state parameters. 

The compaction-surface and intermediate surfaces are also obtained 

from a combination of electron-beam and Impact data.  There is considerable 

material variability and a large change in unloading modulus as a function 

of porosity in porous materials.  Therefore, at least five Hugoniot impacts 

with multiple embedded gages should be performed to obtain Hugoniot points 

on the compaction surface and unloading moduli to define the Intermediate 

surface.  For x-ray simulations the most important information is the initial 

yield point on the crush curve; therefore, this region should be emphasized 
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In the Impact experiments.  At least two attenuation experiments (thin 

flyer Impacts) should be performed to verify the unloading moduli that 

govern attenuation. 

A complete pressure-energy curve to melting should be obtained from 

electron-beam or x-ray data.  This curve is essentially that given by 

JRPWS In Figure 11.  One good record with a depth-dose profile that 

provides the required range In energy would be sufficient, but two or 

three tests are usually required to give sufficient accuracy In deposited 

energy over the entire range.  The low-energy portions of the pressure 

energy profile (JRPW in Figure 11) determine the pressure-energy relation 

on the intermediate surface, while the higher energy portions determine 

the compaction surface.  The most Important information is the peak pressure 

on the pressure-energy curve (point W in Figure 11) because this pressure 

generally governs the peak recorded stress in x-ray experiments.  The 

electron-beam experiments should be performed with the shortest deposition 

time possible.  During a large deposition time, wave propagation reduces 

the peak pressures, smooths out the features of the wave, and generally 

causes a loss of detail.  The depth-dose profile, total fluence, and flux 

history should be measured and used in the computational simulation of 

the electron beam experiments. 

Fracture In porous materials requires more of the same type of data 

needed for solids because fracture may begin at many porosities.  For 

solids, Impact experiments are performed in which rarefaction waves 

Interact and produce tension for a brief period.  Since the fracture 

process is time-and-stress-dependent, tests must be performed at a range 

of stress levels and stress durations.  The stress and time ranges must 

span those of Interest, and the stress range should include one point 

below the damage threshold and one Just above to ensure accurate definition 

of the threshold stress.  The number of fracture experiments may be 

minimized by using tapered-fIyer Impacts that provide a range of tensile 
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stress durations In each impact.     At  least three tapered-fIyer experiments 

with a range of damage are  required to determine a fracture model  at  a 

single initial porosity.    This requirement  is valid for the SRI ductile 
8 30 

and brittle  fracture models,     the Tuler-Butcher      model,   and  any other 

model  that  recognizes both stress-  and time-dependence of  fracture. 

Electron-beam experiments can aid  in determining the fracture parameters 

under radiation or at high internal energies.    The data from the electron 

beam experiments should be viewed as an aid in adjusting the model for 

energy effects and not  for the initial construction of the model.     Fracture, 

even in ductile materials,   is strongly dependent on stress  level;   hence a 

test  technique in which stress can be controlled to a few percent  and 

measured even more accurately is necessary for model construction. 
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APPENDIX A 

USER INFORMATION FOR PEST SUBROUTINE 

This appendix contains instructions for using PEST, the generalized 

porous equation-of-state model, in a wave propagation calculation.  Flow 

charts, nomenclature, and listing of PEST are presented.  The function 

TSQE utilized by PEST is described in Appendix B. 

Although pressure .id deviator stress are computed for all porous 

materials, the PEST subroutine calculates only pressure.  Then an auxiliary 

subroutine is called to handle the deviator stress.  In SRI PUFF the stress 

calculations are controlled in a subroutine called HSTRESS.  This subroutine 

acts as a switch to determine which solid equation of state, which porous 

pressure model, and which deviator stress model are used for each material. 

The flow chart for the subroutine is shown in Figure A-l.  All of the 

stress calculating subroutines are fully Isolated from the COMMON variables 

for stress, energy, time, etc. Thus these subroutines can be used to 

provide partial information about stresses (as they might for the components 

of a composite), or auxiliary information (for porous and fracturing 

material), or they may be called within an iteration loop for repetitive 

stress calculations at a single time. 

Within PEST there are CALL'S to three solid equations of state: 

EQST, ESA, and EQSTPF.  The subroutines ESA and EQSTPF ', re described 

and listed in Appendices D and C of this report.  EQST, containing the 

standard Mie-Grilneisen and PUFF expansion equations of state, is in 

Reference 31 and is similar to that in Reference 9. 
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Devtator Stress Models 

The special devlator stress models are described In Reference 32 

(models 1, 2, 3, and 4), Reference 12 (model 5), and References 11 and 33 

(model 6). The standard devlator stress option In SRI PUFF Includes elastic- 

plastic behavior with work hardening and Coulomb friction. Except for the 
9 

Coulomb friction, this model Is like that given in the PUFF 66 manual. 

In the standard model the yield strength at the end of a time step Is 
i 

given by 

Y = Y - Y   Ao + 0P (plastic) 
c      ADD F 

(A-l) 
= Y + 0P (elastic) 

where 

Y Is the yield strength at Che beginning of the time step 

Y Is the work-hardening modulus In the computationally convenient 

form of öY/öo 

P   pressure 

0        Coulomb friction factor. 

The value of   0 is derived by examining the  usual  forms of the Coulomb 

law: 

'Y = c  + aN tan cp (A-2) 

v^T  = k + 3 a P (A-3) 
A C 

where 

i 

T Is the shear stress at yield 

c is  the cohesion 

(T is the normal stress on the yielding surface 

cp is the angle of  internal friction 

J Is the second invariant of the devlator stress tensor 

k,  a    are constants, 
c 
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Equation   (A-2)   is the usual form employed In soil mechanics,  while Eq.   (A-3) 
34 

is that  proposed by Drucker and Prager      as  a three-dimensional form of   (A-2) 

In our calculations we took the three-dimensional form of Drucker and 

Prager and  related the standard material constants c and 9 to k and a 
c 

k ■ mrTT (A-4) 

/^   N  - 1 V 3      cp 
3 ac = "i rTir/2 (A-5) 

D 

2 
where N    =  tan  (It/4 + 9/2).    From these relations the corresponding 

values of  Y    (initial yield)  and  ß    can be found 
o 

Scv    cp 
\    = —^—* (A-6) 

o       1 + N /2 
cp 

o  N    -   ! 3      CD 
e ■ i rTir/2 (A-7> 

9 

At  the end  of  a  time step during PUFF calculations the yield value 

Y is increased by Y      Ap 
ADD      if yielding occurred but  the pressure factor in 

Eq.   (A-l)   is rot  added on.    As in other yielding models,  the deviator 

stress  is   limited to 2Y /3 at each time. 
c 

Any of the above deviator models (except 6) can now be used in 

conjunction with PEST. An appropriate means for varying the elastic 

moduli and relating the one-dimensional strain to the plastic-strain 

in the solid for model 6 have not been found.  Thus model 6 should not 

be used with PEST. 
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Calling Procedure 

PEST Is called at  two points  in a wave propagation code.    The first 

CALL occurs  in the initializing subroutine  (GENRAT in PUFF)  at the p\ace 

where material  properties are Inserted.     At this CALL,  the original 

solid density   (P     )   and  the Hugoniot  parameters   (C,   D,   S,  r = G)  must 
OS 

be available  in COMMON).    Also the initial porous density    (p    ■ RHO(M)) 

must be available and is  read In before the CALL statement.    Additional 

material data for each model used are read in directly by PEST during 

the initializing CALL:     they are not available to the rest of the program. 

All other input and output variables are inserted through the CALL 

statement.     The CALL statement used  In GENRAT  is 

CALL PEST(LS,IN,Al,A2,A3,A4fA5,M,   EXMAT(M),RHO(M),A6,   RHOS(M), A7,A8,A9. 

A10, AllfA12,A13,C(M).D(M),S(M).G(M),A14,Y0(L),A15,A16,CZQ(M),CWQ(M), 

where the first parameter (LS) indicates initialization when set equal 

to zero. After Initialization for the first porous material, LS is 

set to 1 in PEST.  The second parameter (IN) is the file containing the 

input data.  The A's represent variables that are not used during this 

CALL.  The parameter M is the material number.  EXMAT(M) is sound speed, 

ano CZQ(M) and CWQ(M) are quadratic and linear viscosity coefficients. 

These three quantities (viscosity coefficients for POREQST model only) 

are determined during initialization in PEST and returned to GENRAT. 

During this CALL, the subroutine reads cards required for each of the 

equation-of-state models employed and initializes its internal array 

variables.  The input information is described in the following section. 
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The second and all subsequent CALLs to PEST are made to obtain the 

pressure In a wave propagation calculation.     In SRI  PUFF the following 

CALL statement  is  in the  subroutine HSTRESS: 

CALL PEST(2,5,NPR(M)fH(J,l),J,T(J),DT,M,CS(J),DHtD0IJ),RH0S(M),RHOI(J), P< J) , 

PSTl(J),ASTl(J),EH,   BOLD,F,C(M),D(M),S(M),G(M),MUM,YADDM,RW(J), 

ENV(J),CZJ,CWJ) 

The value of the first parameter given  (LS = 2)  signifies that press  •'•3 

is to be computed.     The indicators NPR(M)   and H(J,1)   specify which solid 

equation-of-state subroutine is to be used  and the state of stress in 

the material   (compression,  tension,  or recompression).     The J,DT,CS(J), 

DH,   and DOLD,P(J),EH and  EOLD,F,MUMfRW(J) ,   and ENV(J)   are the cell number, 

time step,  cell sound speed,  present and previous densities,  cell pressure, 

present and previous energies,  thermal strength reduction factor,   shear 

modulus,  relative void volume,  and void density,   respectively.    The RHOI(J), 

PSTl(J),  and  ASTl(J)   are the previous time  intermediate surface density, 

rate-independent pressure and rate-independent distension ratio. 

Input  Information for All Models 

The subroutine PEST  is in two parts:     the first handles reading 

and initializing,   and the second  (beginning at  location 1000)  handles 

pressure computations.    During the initializing portion,  a set of  six 

indicators is first  read in to indicate which porous equation of  state 

models are to be used under the three conditions  considered:    compression, 

tension,  and  recompression.     Recompression  is assumed to apply after 

fragmentation occurs.    Next,  one llr«> of data that is common to all 

models is read   in.     Then data are read  in for rate-independent models 

trr each of the three conditions,  and subsequently for the rate-dependent 

models for each of the three conditions.     Arrays are repeated wherever 

possible. 
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Table A-l gives values for each of the six model Indicators: KCS, 

KTS, KRS, KCD, KTD, AND KRD. Non-zero values of the indicators refer 

to the models as shown in Table A-l. Tension and recompression model 

indicators are set to zero when it is desired to utilize the compression 

model data again. The arrays are then repeated and reinitialized with 

TABLE A-l DEFINITION OF INDICATORS FOR PEST MODEL OPTIONS 

Indicator Value Model 

Rate-independent compression 

KCS 
or 

KRS 

1 

2 

3 

4 

5 

PORBQST 

Holt 

Carroll-Holt 

Herrmann P-alpha 

Hendron* 

Rate-independent  tension 

KTS 

1 

2 

3 

Constant strength 

Fracture mechanics41 

Carroll-Holt 

Compression with rate effects 

KCD or KRD 

Tension with rate effects 

KTD 

1 
2 
3 
4 

1 
2 
3 

No rate dependence 
Linear viscous void 
Holt 
Butcher P-alpha-tau 

No rate dependence 
NAG ductile fracture 
NAG brittle fracture* 

* Not yet  implemented. 
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appropriate changes in sign.  When no rate dependence is desired, it is 

permissible to specify all zeros for the dynamic indicators. A sample 

of these indicators is shown in Figure A-l,  The format used is A10,I6, 

12,12, The data for each model are provided in the order of the 

indicators. These data used the formats (A10,110),4(A10,E10.3), or 

(A10,7E10,3/.  The sample data are appropriate for porous tungsten. The 

meaning of each parameter in the data can be found in the nomenclature 

list below. 

In many cases, there are optional ways to insert the data. F-^ the 

data common to all models, AK, the initial modulus, may be inserted as 

-G , the shear modulus of the solid.  In this case PEST computes AK 

from Eq. (11).  If the AK value provided is larger than K p/o  , AK 
s  so 

is reset to K D/D     . 
s      so 

In the PORBQST model the fifth density  in the RHOP array  is the 

consolidation density.     If this value is omitted,  PEST computes it by 

finding the density appropriate to the P2 value in the last density 

region.     If desired,  an array of quadratic and linear artificial viscosity 

coefficients can be inserted  following the RHOP array.     If these arrays 

are omitted,   COSQ   Is  set  to 4,   and Cl  Is 0.15.     The fifth members of 

each of these arrays are returned to GENRAT and are used  as the viscosity 

coefficients for the solid. 

In PORHOLT the consolidation density,  RH0P5,  may be  inserted as 

the consolidation pressure.     Then PEST computes the appropriate consolida- 

tion density from this pressure. 

Input for the Carroll-Holt model may take several  forms.     If    Y 
CH 

and    (     are used and YCH is  named as  shown in Figure  A-2,  these values 

are used directly.    This value of YCH is not a pressure on the compaction 

curve but a  solid  yield  strength,  which governs compaction.     Instead of 

Y     ,  the pressure on the compaction curve at  the initial  density,   PY,   can 
CH 
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be Inserted.    Also the consolidation pressure,  PC,  may be provided Instead 

of    ft     The subroutine then computes  the appropriate value of    c>     However, 

the functional form of  Eq.   (53)  does not permit a value of    (     that is 

appropriate for all  values of    PC/PY.     If the requested value of     PC    is 

too small,   it will be adjusted upward  in the program to the minimum 

permitted.    The three possible forms  of  the data are  shown in Figure A-l. 

This data card also contains TER7,   the value of  void volume at which 

separation occurs  in tension.     If TER7  is  read  in for the compression 

model,   it is available if  the tension model is a repetition of  the 

compression model,     TER7 has no    meaning in compression. 

Only one parameter,  TER1,   is used for the linear viscous  void model. 

However all seven parameters for NAG ductile fracture can be inserted 

for the linear viscous model;   they are then repeated,  with    no  sign changes, 

for the NAG model. 

The nomenclature list  is  followed by a flow chart for PEST  in 

Figure A-2.    A sample impact calculation is exhibited in some detail in 

Figures A-3 through A-7.     The stress histories  in Figure A-7  indicate 

the character of the waves produced by the impact.    The subroutine 

listing follows the  results of  the  sample calculation. 
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NOMENCLATURE OF PEST 

Formal and External Parameters Definition/Units 

LS Initializing indicator: 
0 Initialize for first  porous 

material   (Reset  to 1  in PEST) 
1 Initialize for other materials 
2 Compute pressure for each 

porous material 

NPRM Indicator designating which solid 

equation of state pressure model 

to be used 

H(and IH) 

J 

TJ 

Indicator telling state of material: 

S Solid 

P Porous compression 

T Porous tension 

Q Porous recompression 

R Recompression after 

fragmentation 
Z Fragmented 

Coordinate cell number 

Spall parameter; equals zero when 

spallation occurs. 

DT 

M 

C 

D 

DOLD 

Time increment, sec 

Material number 

Sound speed, cm/sec 

Current cell density, g/cnT 

Previous cell density, g/cm 

RHOS 

RHOI 

P 

PST1 

Solid material density, g/cm 

Previous value of density at zero 

pressure and energy on the inter- 

mediate surface, g/cm3 

2 
Pressure at a cell,  dynes/cm 

Previous value of   rate-dependent 
pressure,  dynes/cm 
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T^ 

ASTI 

E 

EOLD 

F 

BQSTCM 

BQSTDM 

Previous distension ratio for a point on 
the rate-independent pressure curve 

Current  internal energy estimate for 
a  cell,  erga/g 

Previous value of   E,   ergs/g 

Thermal strength reduction factor 

Solid bulk modulus and first coefficient 
in  Hugoniot  relation,   dynes/cm^ 

Quadratic coefficient  in Hugoniot 
relation,  dynes/cnr 

BQSTSM Cubic coefficient  in Hugoniot  relation, 
dynes/cm2 

BQSTGM 

MUM 

YADDM 

Gruneisen ratio 

Current shear modulus,  dynes/cm 

Work-hardening modulus,   dynes/cm 

RW 

ENT 

Relative void volume 

Void density,  number/cm" 

CZJ Coefficient of quadratic  artificial 
viscosity 

CWJ Coefficient of  linear artificial 
viscosity 

Input-Related Variables 

AK 

COSQ(MP,I,N) 

C1(MP,I,N) 

Porous Bulk modulus defined  at  density 

RH0P(MP,1.1),  dynes/cm2 

Coefficient of quadratic artificial 
viscosity, with Irrregion number for 
POREQST model 

Coefficient of  linear artificial 
viscosity,  with I=region  number  for 
POREQST model 
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 lam 

MLP 

DPDRHO 

EPS 

KCD.KRD.KTD 

KCS,KRS,KTS 

MP 

N 

NPM 

NREG 

PC 

PORA, PORB, PORC { MP, I, N) 

PY 

PI 

P2 

RHOPdUP.l.l) 

RHOP(MP,I,N) 

RHOP{MP,5,N) 

Maximum deviation from linear pressure 
curve  for given POREQST region,   dynes/cm 

Slope of rate-independent porous  pressure 
equation Just beyond  elastic  limit, 
dyne-cm/g 

Parameter introduced to give finite 
consolidation pressure for Carroll- 
Holt model 

Rate-dependent  compression,   recompression 
and  tension model indicators 

Rate-independent compression,  recompression 
and  tension model  indicators 

Porous material number 

Array subscript variable =  1,2,3 
corresponding to compression,   tension, 
and  recompression 

Porous material number corresponding 
to material number M 

Number of porous regions in POREOST 
model 

Consolidation pressure for Herrmann 
P-alpha model 

Calculated coefficients of porous  rate- 
independent pressure or density  relation 

Pressure corresponding to initial  yield 
point  on compaction curve 

Pressure on compaction curve of POREQST 
model at  RH0P(MP,1,1) 

Pressure on left-hand side of each 
region for POREQST model,  dynes/cm 

Density used for initial porous data, 
g/cm 

Porous densities for l=region number 
used by POREQST model,   g/cm 

,    3 
Density at consolidation,  g/cm 
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TER(MP,1,N) 

TEIKMP^.N) 

TER(MP,3,N) 

TER(MP,4,N)   and TSR(MP,6fN) 

TER(MP,5,N) 

TER(MP,7,N) 

Growth constant as 3/(4),  cm /dyne/sec 

2 
Growth threshold, dynes/cm 

Nucleation radiu.j parameter, cm 

Parameters In nucleation function, 

no./cm /sec and dynes/cm*: 

N=TSR(MP,4,N)*exp((P-TSR(MP,5,N))/ 

TSR(MP,6,N)) 

Nucleation threshold for Ductile 

Fracture and static pressure for 

Constant Strength model, dynes/cm2 

Relative void volume at which 

fragmentation occurs 

TPH Time constant  (sec)  associated with 
Dynamic  Porholt  and  Butcher  P-alpha- 
tau models 

YADDP(MP,I,N) 

YCH 

YZERO 

Other  Internal  Variables 

ALFD 

ALFD1 

ALFL 

ALES 

Increment    of yield  strength,   for  I=region 
numbei-  in POREQST model 

Pressure    on compaction curve at RH0P(MP,1,1) 
In Carroll-Holt model,  dynes/cm 

,    2 
Initial      yield strength,  dynes/cm 

Dynamic distension ratio for current 
pressure,  between elastic and  rate- 
independent  values 

Previous  value of dynamic distension 

ratio 

Distension ratio corresponding to 
current elastic pressure and  density 

Current distension ratio for a point 
on the  rate-independent pressure curve 
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BULK 

CJ 

DREF 

DS 

P 

PEL 

PJ 

PS 

PST 

PTH 

RW 

RW1 

TF 

Current value of bulk modulus, dynes/cm 

Current sound speed calculated In solid 

equation of state subroutines except 

when CJ - 1, 

Density at P-V plane, computed by 

removing effect of thermal expansion 

at constant pressure, DREF=TF*D,g/cm 

3 
Solid material density, g/cm 

2 
Previous value of pressure, dynes/« m 

Pressure based on elastic relations, 
-  2 

dynes/cm 

2 
Current pressure, dynes/cm 

2 
Solid pressure, dynes/cm 

Pressure based on rate-independent 

pressure model 

2 
Threshold pressure for solid, dynes/cm 

Current relative void volume; takes on 

negative value to indicate fragmentation 

Previous value of relative void volume 

Thermal expansion factor used to relate 

current density on intermediate surface 

to reference density at zero energy and 

constant pressure 
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GO TO COMPUTATION 

MP - MP + 1 

♦ 
GO TO INITIALIZATION 

PART OF PEST 

♦ 
RETURN 

PART OF PEST 

RETURN 

PEST INITIALIZES AND COMPUTES 
EQUATION-OF-STATE VARIABLES 
UNDER COMPRESSION, TENSION, 
AND RECOMPRESSION 

THE INDICATOR LS SETS PATH 
FOR INITIALIZATION OR 
COMPUTATION 

INITIALIZE FOR EACH POROUS 
MATERIAL MP NUMBER. 

MA-2407-14 

FIGURE A-3     FLOW CHART FOR PEST SUBROUTINE 
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KIT INITIALIZATION — RATi-MOIMNOINT MOOIU 

RIAD 
KCt,  KTS.  KM 
KCD,  KTD.  KRO 

I REAO AK. MUf. VZERO. RHOf r 
| COMfUTi INITIAL ILAITIC MOPULI | 

RIAD STATIC AND DYNAMIC 
MODEL INDICATORS 

REAO POROUS ELASTIC DATA 
LttED BV ALL MODELS. 

REAO DATA AND INITIALIZE 
ARRAVS FOR RATE-INDEPENDENT 
COMPRESSIVE MODELS. 

REAO DATA AND INITIALIZE 
ARRAYS FOR RATE-INDEFENOENT 
TENSILE MODELS 

REPEAT INITIALIZED ARRAYS 
FOR RATE-INDEPENDENT 
RECOMPRESSION MODELS. 

FIGURE A-3     FLOW CHART FOR PEST SUBROUTINE    (Continued) 
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Kl       M       1        1 

i   '' ♦ 

2 
N - 1 

PEST INITIALIZATION — RATE-DEPENDENT MODEL! 

■S 0 

LINEAR VISCOUS VOID 
OR DUCTILE FRACTURE 

DYNAMIC PORHOLT f— 

BUTCHER P-ALPHA-TAU — 

N - N + 1 

REPEAT LINEAR VISCOUS VOID 
FOR DUCTILE FRACTURE 

u i i 770 

READ BRITTLE FRACTURE AND 
FRAGMENTATION 

>  1 
KRD 

900 

REPEAT LINEAR  VISCOUS VOID    - 

REPEAT DYNAMIC PORHOLT 

REPEAT BUTCHER P-ALPHA-TAU 1 

READ DATA AND 
INITIALIZE FOR 
RATE-DEPENDENT 
COMPRESSIVE 
MODELS. 

REPEAT OR READ 
DATA FOR RATE- 
DEPENDENT 
TENSILE MODELS. 

REPEAT 
INITIALIZED 
ARRAYS FOR 
RATE-DEPENDENT 
RECOMPRESSION 
MODELS. 

MA-2407-1S 

FIGURE A-3      FLOW CHART FOR PEST SUBROUTINE    (Continued) 
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Y V mmr    ■ 

PEST COMPUTATION OF PRCMURK — COMPRESSION PATH 

1090 

TEST FOR FRAGMENTATION 

COMPUTE CURRENT ELASTIC MODULI 
AND ELASTIC PRESSURE PEL 

PEL > 0 IS COMPRESSION PATH; 
PEL « 0 IS TENSILE PATH. 

CHOOSE BETWEEN COMPRESSION IP) 
AND RECOMPRESSION (R) ROUTES. 

POREQST               |-» 

COMPUTE 
PS,  PST 

PORHOLT              ^ 

CARROLL-HOLT   ^> 

CALCULATE COMPACTION 
CURVE PRESSURE AND CHECK 
FOR CONSOLIDATION. 
COMPUTE SOLID AND STATIC 
PRESSURES IPS AND PST). 

MA-2407-17 

FIGURE A-3      FLOW CHART FOR PEST SUBROUTINE    (Continued) 
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PEST COMPUTATION — COMPRESSIVE PATH 

1   H   -   S    j |   KCRD   -   KCD   | 

♦ ♦ 
M900 j 

Yes 

~l 
XNO 

KCRD -   KRD 

KCRD 
>   1 

Yei 

COMPUTE   ALFL 

DETERMINE STATIC 
PRESSURE IN 
COMPACTION REGION. 

COMPUTE   RELATIVE 
VOID VOLUME   RVV. 

GO TO DYNAMIC 
PRESSURE 
CALCULATION ROUTE. 

LINEAR   VISCOUS   VOID 

DYNAMIC   PORHOLT 

BUTCHER   P-ALPHA-TAU — 

COMPUTE   ALFD,  PS,  PJ,   RVV 

T 
M900 j 

COMPUTE ELASTIC 
PRESSURE 
DISTENTION RATIO. 

COMPUTE DYNAMIC 
PRESSURE DISTENTION 
RATIO AND HENCE 
EOUIVALENT SOLID 
PRESSURE. THEN 
COMPUTE DYNAMIC 
PRESSURE PJ AND 
RELATIVE VOID 
VOLUME. 

MA-2407-18 

FIGURE A-3      FLOW CHART FOR PEST SUBROUTINE    (Continued) 
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KST COMPUTATION — TENSILE PATH 

TENSILE PATH IS 
FOR PEL < 0 

> PST    >».M900J 

No 

CALCULATE STATIC PRESSURE AND 
CHECK FOR CONSOLIDATION IN 
CARROLL-HOLT MODEL. 

GO TO DYNAMIC TENSILE 
PATH (1600) 

MA-2407-19 

FIGURE A-3      FLOW CHART FOR PEST SUBROUTINE    (Continued) 
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PEST COMPUTATION — TENSILE PATH (Continu«dl 

KTDD -  1 

KTDD " KTD 

♦ 
V 

KTDD 
S 

- 0 

KTDD - KCD 

DUCTILE FRACTURE 

BRITTLE  FRACTURE 
AND FRAGMENTATION 

STORE P, RHOI, PST, ALPS 
g) 

RETURN RVV - -|RVV| 

END COMPRESSION AND 
TENSILE ROUTINES BY 
COMPUTING TOTAL 
ENERGY E AND STORING 
PRESSURE AND DENSITY 
CALCUTIONS FOR NEXT 
CYCLE. 

SET RVV 
NEGATIVE WHEN 
FRAGMENTATION 
OCCURS. 

MA'2407-20 

FIGURE A-3      FLOW CHART FOR PEST SUBROUTINE    (Concluded) 
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SUBROUTINE  PEST 

SIMROUTINE  PFST(LS»lNfNPRM«H.JfTj«nTt»*«C*OiOOLDtl>HOSiRHÜItPtPSTl«   PEST 
1 MTIiF(EOLn.rtrOSTCMtEO5TDM.EOSTS*«tEÜST0MiMUMtYADDMiRVViCNT«C?JiPEST 
2 CwjiE05THH,r0STEMtE0STNMiNCVC> PEST 

PEST 
PEST   It   VENSION  OF  «PAIL   1974 PEST 
WRITTEN  «T  STANFORÜ PFSEARCH  INSTITUTE  Hv   L.  «EAHAN AND R.Ei   TOKHEIN     PEST 
CODE PHnvlUE*  EOntTIONS OF  STATE  FOR  POROUS  AND  SOIIO MATERIALS PE$T 
UNDER COMPMESSIOM(C)t   TFNSION(T)   AND DECOMPRESSION(R)   BY  STATIC AND       PEST 
RATE-DEPFNOFNT  MOHELS.   INITIALUATION FOR  ALL  MODELS  IS  INCLUDED. PEST     1 

PEST     I 
INDICATORS OF  MOflELS  TO HE  CHOSEN FOR  STAT1C(S>   AND OYNAMlCID) PEST     1 
CONDITIONS FOLLOwi PEST     1 
KCS OR KPSI  BATF-INPFPENPFNT  CQMPHESSION PEST     ) 

1 PrtREU^T PEST     1 
2 POBMULT PEST     1 
3 CARNULl-^OlT PEST     1 
4 HFRHMAMN   P.ALPHA PEST      I 
5 MFNOHON PEST    I 

KTSl   «ATF-INDEPENDFNT   TFNSIÜN PEST 
i CONSTANT STRFNRTM PEST 
2 Fp»CTli<»E  MrCHAMCS PEsT 
3 C«»ROU-MOi.T PEST 

PEST 
ICCD  OR tfPOl   rrjMPopssiON ulTM RAT? EFFECTS PEST 

1   NO  H»TF  ÜEPFMOFNCE PEST 
? LINEAR visrnus voio COMPRESSION PEST 
3 POBHuLT PEST 
4 BMTCMEO M-«LPH»-T*U PEST 

PEST 
KTDl TEN«IüM «ITM PATE EFFECTS PEST 

I NO RATF UEOENOFNCF PEST 
? N.A.b. nUCTRE FPACTUHE PEST 
3 ÖRTTIL»- FPACTUPF »NO FMAGMFvTATION PEST 

PEST 
INDICATORS««» ARF PEAO IN THREE-DIGIT PAIRS FOR 5 »NO 0 fONOITlONSl   PEST 

KC<,KTS.K*S« rXcXOH   RCÜfKTDiKRn* 0*0X0» PEST 
PEST 

INDICATORS H AND [H PEST 
S SOL TO PEST 
P PUROHS-BHPS<i)RF PEST 
T POPOUS-TFNSTON PEST 
Q PUBOUS-RECOMPRESSION PEST 
2 FRAOMtNTATInM PEST 
R HEroMpRFSSlON »rTER FP»GMENT»TION PEST 

PEST 
INTFOFK WIUUT PEST 
REAL MOM.MUR.KIC PEST 
DIMFNS10N KC«(4).KCr(4)«KTS(4)fKTU(4)iKRSr«)tKRn(4) PEST 
OIMFNSIOW NPM(»>),NRFS<4) PEST 
DIMENSION TPH(4i3)iOAnPI4<3)iKlC(A) PEST 
DIMFNS10N AK(4)<MIIP(4)fYAOOP(4«St3)tELK(4)tEL6<4)tTER(«tHt3)     PEST 
DlMFNSiON MMOP(*.S.3).rcSO(»i5.3)»CI(4.5,3) PEST 
ÜlMfNSlON P0PA(4(S,3)«P0RH(AiSt3)tP0RC(A,St3) PEST 
liIMFNSION EP«(4,-*)(DEL(4<3)tALE(Ai3) tAPC(4t3) PEST 
DATA ShF/l.eR/.EP/l.E-fr/.lOO/lH /.OUT/6/,J01/7H -PEST-/tJ02/ PEST 

1PM -PriPEOsT-/.JU3/irH •C»R>)OLL-/tJOA/5HHOLT./«JOS/10H »HERRMANNPEST 
/.J06/OM P.»LPw»-/,j07/lüH -CONST ST/.J0R/7HRFN6TH-/ PEST 
•J09/lnH -FRACTURE/iJ0)0/6H MECH./.JOl1/10H «LINEAR V/.JQ12/ PEST 
»MISC V0ID-/«J013/1CH -OYN»MIC /,J4il4/FHP0RH0LT-/tj01*/ PEST 
Inn -POPMOLT-/.J016/PHBUTCHER-/.JOS/5HSTAT|/,JOR/SHRATEI/ PEST 
»JO17/10H .DUCTILE /.JO)e/9hFRACTUHE-/ PEST 

CPEST 
7FHOINO OF »BPAYS ••• CPEST 

C 
c  ••• 
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SUBROUTINE PEST   (Continued) 
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SO 

si 

S2 

S3 
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C 
c   •• 
c 
c    •• 
c 
c ••• 

IP (i^-n un.moo 
DO 9 t ■ Itt 
NPM(T)   •   f 
no •« I • if4 
AK(T)    ■   MüP(T)    ■   KICdl    ■   ELK(I)    >   FL6(I)    ■   P. 
NRCfld»   »P 
DO «1  1 ■ 1*19 
TPH(I)   ■ UAPBd)   ■ fPSd)   > OELII)   >  fttEd)   ■  *PCd)   ■ o. 
no ^p i ■ if^p 
VAUHP (i > .HHOP d > ■C'so d > >c i (i) «POR* I I ) «PCPB (i» »PORC d) «o. 
DC   SI   I   .   l.Qfe 
TtHrTi ■ P. 

HP»(«     »     DPOnj«DPPEJ«0.     1i     LS«1      «     CJ»1. 

NPM(M)   ■   "^ 

PF»ÜIN'6  OF   INPUT  n»T» 

C     • 
C     • 

C     • 
10 
15 

20 

C 
C  ••• 
c 

490 
C 
c •• 

BF»t  n»T*   USEn  HY  »LL   MOOFLS. ••• 
PEApdNiOaSJtl.KCSO'PJiHTS^PItKBSCKPJtAPtKCnCMPi.KTniMP) 

1       tKPM(MP) 
WRlTP(fc|OlS)MiKC!«(MP)iKTS(HP),KPS(MP)t*?.KCn(MP),KTn(MP) 

1       ,irOn(MP) 
WRITF<6»P60I TDOd'-tJOl 

«C*ndM42U»M.»K(NP)i/i2iMUP(Mp),*3,v/ERP.*4,HM0P(HP,l,l) 
WPlTF(6tO2rmiAK(^P)t»?.MUP(MP),«3tY7E«0.A4,HMOP(MP»lil) 
•RITF (tiQ»<p)Tnr»lNtJOi 
«LFO  a PMOS/PHOP(MP.1,I) 
IF    (/>K(MP)    .«T.   r,   .»NO.   »MMP)    .LE.   r«ilSTC«#BMPP(PPtlill 

1      /PMOS)   PO   TO   ?'• 
IF   »»K(MP)    .«T.   ".I   r.n   TO   IP 

TF  *K   IS  MFMT1VF,   IT   IS  IMTEf'PPFTPÜ  AS  IhE  SMFAh MODULUS       • 
OF   1*F   SOl TO, • 

(iS   m   -*K(MP) 
*K(MP)   ■  tJSTCM/(«UFn*( .79»FQSKK/GS»(ALFP-1,)) 
MUP»MP|   ■  r,s»d.-«.«(l.-l./«LFü)«(3.»FUSTCM*4.»RSI/(Q.»EttSTCM 

1     ♦*.•*,«)) 
RO  To   j« 

TF   AH   IS   TOO I.AhGEi   IT   IS  MEOuCEO   TO   THE   H4XIMUH  PERMITTED,   • 
AK(MP)   ■   fOSTCM«PHÜP(MP,l,l)/RHOS 
• RlTF(fe,9f(!)    «K^P)!   KUP(»P» 
W«lTF«6,<>6nl TnOtOUT.JOl 
fL«(««P|   ■   (FO^TCf/ÄM^PI-ALEümALFO-l.) 
TAOn»«  •  ".bbltbTVUf-O     %     MUP(MP)   ■   1.333333*>'UP(MP) 
C«SnPT(tAK(l«P)»Ai»*Xl(f..i*«uP(MP)))/»MIM(P,RMOP«HP.ltn)) 
J2«SWCU»'P.       «       J?«J4»1M 
Nal 
«CSM.KCSIMP) * KCnMKPCKMP)      »      KTSM"KTS(MP)      T      MDM»KTP(MP) 
KRSMaKHSfMP) 1. KHrM«KHn(MP) 
IF   (t«TbM   .FO. ') J3«SHTFNSt        «        IP   <^R5M   «PQ.   P)   J*"5HPEC0K 

RFAu POM  PATF-?^PEPF^DE^T  COMPRPSSIVE   MOl'PU. 

r,0  TO   (AQO.SUtS^Pi^StiSAOiSStMKCSM 
PONTtNOF 

RFAt  ANü   TNIT1ALI7F  FOR  P0REÜST. 
MEArdN,Q«0)«l ,NRE0(KP) 
WRlTF(6t940l*l,NPElWMP) 
^»iTF(e,Qf.p)ico.iNiJo?iion»Jos«J2tj3,j* 
ME*Pdt>.l4l'')Al,(PMüPtMP,I»N) ll«l«ft| 
»HlTF(bi<)U')Ali(PHüP(MP,I,h),I»),5) 

• •• 

CPE5T 
PEST 
PEST 
ftST 
PEST 
PEST 
PEST 
PEST 
t-FST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
CPEST 
CPEST 
CPEST 
CPEST 
CPEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
CPEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
CREST 
CPEST 
PEST 
PEST 

CPEST 
CPEST 
PEST 
PEST 
PEST 
PEST 
PEST 

65 
66 
67 
66 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
P2 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
9* 
95 
96 
97 

99 
IPO 
101 
102 
103 
1U4 
105 
106 
107 
108 
1P9 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
1?6 
127 
128 
129 
130 
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SUBROUTINE PEST   (Continued) 

.OP.   «?   .FO. 
60   TO  «.03 

IHfl))   00 TO $0? 

■ puMrcMH.iitg) B r, 

MRlTr(»t«(>0)TnOtINiJ02 
00 «98 laliS 
C0SOIMP*TiN) ■ 4.0 

«f«  ClIWPtltM) ■ r,\*, 
901 HE*rrlN.ol5)«l,A? 

tUC(r«P*CF IN 
If (»1 .EO. iMf .ANO. («? (CO, 1H0 
IF («1 .rU. IMC .AND. A2 .CO. 1H|| 
60 TP &04 

902 CE*n(lNtOln)A1,(cnS0(»'P.I,N)flalf6) 
MRITF(6t«10)Al.(rflSO(MP«IiN)fI«!,«) 
•wirr (btoeoj jnniTMtJfj? 
60  TO  b«ll 

909      HEAn(INtelr)ei,(cl(»'P«ItN)flBlf5) 
*i«ilTf <b»<5ir)M. (C) (»<PiI«H) »l»lf5) 
>»RlTr (tt9ftf>) IDDtT^tJC? 

90*     CZJ > crcuipp,*«') 
C.mj  m   LI (»''•««I) 
NPaMPF6(Mp) 
pe•r«t^^«^^(,) A) .PI 
frRlTF(bfQ?CIM tPI 
hRlTfCbtOhC)TPO.tNtJO? 
►OWAtMk.l.N)   ■  Pi     S     POHH(MP.ItN) 
00  «n5  MO»l.i"P 
»iE«O»TK.O?0)Al,P?lA?,nELPtA3tVAD0P(««P.N0tN) 
WRlTFCbf«?!') Al tP?«A?iriflP,A?,YAOüP(^P.Ntl.N) 
»RlTF(b<afO)inü<rMtJü? 
IF   (»0   ,KF.   fP)   CP  TP «HAS 
IF   »».HOP(^HlrP*l,M)   .RT.   PMPO   G(>  TO  «lo*?. 
>.MOP((»f't>P») ,M)   ■  UHO^M.^T^uFUwPP.n.iroSTc^fFtsTDt'tCOSTSM. 

1      EO«TbM,rPSTM»'tFOSTfM.PHPSiF(JSTNM,0.) ) 
«RITF (b»Q32;9H0P(>'P.NP»l.K) 
wRlTr(e.ofrO)TMCiPul«jo? 

9045 nHhnBRH0P(PP.MR*i ,N)-PHOP(MP,MO,N) 
AA»P?-k1-*.»(iFI P»«hOr(»<P,NU.N)/0HHp 
POHA (H^.MJ.i ,My «PI «HMCP (MP«Nn*i ,N) /OI-HO*AA 
pB«p?-Hl-*.»nELP*(^H(iP(MP,N(J»1 tN)*PHÜP(Mp,NCi«N) )/DhMO 
POPP (M^.MU* ) .K>) B.PhOP IMPfhiQ*] ,N) »HHOP (MP,N0»M /OHHO'B» 
POHr (»■«t-.Mj.l ,Kj)B.4.*nFI.P*(PHriP(Mp«M0*l «lw)*RM0P(MP(NU«K|)/DRHP)**2 
VAOnP(HP,N(J.M) B YMOUP (»<»<,NOtNI/PRHO 
P1"P7 
VADOP<hP."P*l.N) B p. 
PH0P(M»>t*<N) s RPOP(MP,K'P.) .M) 
60 TO fcOA 
CONTINOF 

PFAU ANO TNIT1ALT7F FP« PdHHOLT, •• 
HEAP(lNtO?(!)*1 ,l<hPP<MPt5.N) »*?i0P0PM0,A3.P>tA*,yAnnP(MPtliN) 
WRlTF(bfe?lMA).hH()P(MPlStN) «A?tOPOHHÜ«M3.PY«A4.VAnnP(MPil«N) 
nR I rr (t • o'''' 11 or ♦ iKi t JO i s. i no».IOS «j?, ja, j4 
IF    (PM0P(^«*.N)    .LT.   IüP.)   faO   TO   ^12 
P?   a   WHnp(MP,n,N) 
HHÜP(l^,ci.M8fciHOS»n.»T5UF (ü«P2«ü. .FQSTCM.EUSTnw.FOSTSMttOSTOMt 

)     EosTMH,FiJSTrM»PMPS.FOSTNM»r.)! 
«HlTF(b.q3?)PHnP(MP,?,N) 
MRITF(btP^o)rnUtodTijois 

91? »*M0P(MK,?,N),HH0P(MP,1,l|»(PV/AK(Mp)*l.) 
PMÜPIMHt^iNJaHHOS/ll.-KHOS^PV/RMnPtMp.Z.Ny/tOSTCM) 
Al.FFBHhnP(MP,3,N)/RHPP(MP«2«M) 
PaHHPPjU'P.Jtui-Puns 
PORA (Mf,l ,N)BAUFF»(ALFF»RHOP(MPii»,»g)/FUSTCM-l)Pl'RHO-H/RMOS) 
filapnPA(MPiI,^)/(pH0P(MPt5«N).RH0P(MPf2lN)) 
H0HP(MHt'tK)B(RH0P(»'Ptf>»N)-PM0P<MP.3tW) )/ 

1        (PMO»'(MPt5,M»-PM0P(MPf?,N))••?-«! 
V«OnP(hP,l.N»    a   vAunp(Mp,l,M)/(RHnp(MP.5.M)-PH0P(MPt?.N)) 
HRlTF<b>e30) 
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PEST 146 
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PEST IM 
PEST 153 
PEST 154 
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PEST 163 
PEST 164 
PEST lb* 
PF«T 166 
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PEST 17? 
PEST 173 
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ir tu  ,r,r. 2) 
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52(1 
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PF*Ü «NU T*ITI»LIZF fW  C4HR0LL-M0L1. •• 
»*e*n(Iht02n)»l,vrM.»?tFPStMPtN)i*3,TfHtMPt7«M) 
•(PlTF(6t«>20)»liYCH.»?,fPS(MP,N),*3,TEP(MP,7tM( 
wRlTF(tiOf.o)ir»ntTN.JO^.jg*.J(is.J?ij3.J* 
IF (»1 .ro, inn vCH ■   ) Gü TU 5?5 
PV ■ YCH 
IF r»MS«rHS(MP,N)) .IT. 1.) fiO TO «26 
P2 ■ FfS ("»*,►!) 
PV   ■    l,-BHüP(MPtltl)/BMOS 

PY   «NH   PC   KNOWN • 
PMOP(MK,^,N)«PHOS»n.»TS(lF(0tP2.0..EüSlCM,EüSTnM,rO5TSMtE0ST0H, 

1      Eo«TtiM.FgSTFMtWHü«t»fJSTNM.fl,) ) 
btt   ■   rtBMTN   •   (PMOP(»«PfS,M)/MM0S-l.)»fOSTC'VPY 
ALF/I   ■   1./(J.-fcV) 
ÜCL(MP,M)    >   PY/(FOSTCM«»L0ö(|,-«H0P(HP.l.l)/BMO«5)) 
IF   c   YtH   .LT.   n.)   bHMjM   ■  «HiNl(eBtl,/UEL(MP,N)) 
HHMTN  a   4MhX)(HP"lN»n.?*6?7»4LF»«»?»2,B5l?»*lF»-l.Q633) 
IF   (RS   .RT.   BHMIM)   r,()   TO  S21 
HB   ■   HH^TN 

BHOPCH-.^tM   ■   Hwns»(1.»BB»Pv/F0STCM) 
^0   >   »,/WM 
l»RlTF(6t'>?7) 
liO   Tr>   S2i«i 
E0   ■   PV»«MH 
BO   •   *Lnr,tt',)//an(»(Pv»F.C) 
F2«   Ff   •   (HV*Fr)««HM 
IF    (AHS(F"-Fn    .I.T.   l,F-ü5#El)   GO   TO  52* 
BI   ■  »LOflCtll/OLnOd'W^Fl) 
U*   m   0 
NM   ■   N**1 
f?   ■   Fl«FX»»((Pli-Pll»(»l.n6(HV*Fn/(l.-BM«El/<BV«En I)) 
B2   ■   »LOfi«F?)/flLOR(Bv«F?) 
«W   ■   N« 
IF   («*b(B?-hn    .IT.   l.F-5   .OM.   4w   ,Gt.   lo.)   GO  TO  «2« 
FO   ■   Fl      %     nr   ■   Bl     »     El   »  F2     I     bl   ■  H? 
60   TO  b?? 
FPS(MP,M   ■  r? 
nEUMP,^»   ■  (I.-HMüP(MP,5,N)/HMOS)/*LOG(FPS(MP,N) > 
IF   |HH   .|.E,   BBMl»!)   Ro   TO  S27S 
GO  TO  b?" 

YO«   Hf   FOt,   KMOwN • 
OFLfMP.M)   ■   i,ft6»>.fi7»TrM/FU5TrM 
IF    »YCn   .LT.   r.»    FP«(MP,M   ■   »M»xl (FPS(MP.N).«B^(DFL(MPtN))) 
PY   a   -o.»»6''ft'.67«vrh«4LO(*(l.-WMOB(Mp,l,l)/RH05*FPS<MP,M)) 
GO   TO   b?T 

PY   AND   KP«   KNOWN • 
UEUfPiM    ■   .PY/FOSTCH/ALOü(l.-RMOP(MP,l,l)/kHO«»FPS(MPtN)) 
IF    »YCM   .LT,   ",)    FPS(^PfN)   ■   4M«X1(EP^<MP,M),*H5(nFL(MP»N)») 
HMOP(Mj.,c,fj)   .   kMOS»(l.-nfLI''P.N)»4L0GltPS(MP|N)|) 
C*L|    Fu<6T(',..OHOPt''P,?.N) ,H?,M,1,) 

«I L   r-H • 
ALEn-P.*')    ■   ^Fl (MM,N)«A|.OG(EPS(MP,NI ) 
APClw^tf)    ■   PHOS/MMOKMP.SIN) 

• RlTF^.P'Sinr.P'.F^S^P.M) 
wMlTF(e«a4n) TDn«ri)ir«ji)3*J4« 
•RlTF(bt93^)PM0P(MH.S,M) 
•»»I™ (btQ^") toi»«ro'i«jojf jo« 
FPS(««H|M ■ l.*FP«(»»P,N) 
RO TO tffi 
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PEST 252 
PtST 2b3 
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c •• 
641 

HEAn«INt«20)«ltPCt*2«PY 
kRlTF(6i«?0>«1tPCtA2,PV 
M(»iTr(6t9Afl)TnntTNiJ05tj06*JosiJ2tjatJ« 
PO«A(MH,1,K)    ■   Pv      $      POHCIWfliS)    ■   PC 
oo rr «on 
CONTTNUF 

PFAU   ANÜ   TMIT   FUR   HFNOMON. 
60 Tn ti«n 
CONTTNOF 

»F«Ü   «W   TNIT   FOB   THS. 
flO  TO   6«»» 
\f   IN   .Pr.   2)   GO   TO   M« 
M   •   7 
J2>KHTe.M^ «        J3Bj4a1H 

»F»U FOH  P4TE-IMOFPFMUFNT  TENSION MÜÜFL. 

If   («TbW   ,EO.   '   .ANO.   KCSM   ,EO.   3»   GO   TO  MO 
«0   TO   (M5«6?ni5?0>   KTSH 

»»FPtAT   CAPBdLI -HOLT   »PRAY  FOP  N«?. 
ALE(fPt?t"-A|F(MP,l)     S    FPS(MPt2»BFPS(MP,I) 
nEL(MPt?)»-OFLIMPtl)     f     TE»(MPt7.2)   ■  TCW(HP.7tl) 
APC(>«Pt?)al./(l.-ALE(MPiN)) 
fcH0P(Mf•K«N)aRhO*/APC<MP(?| 
»'RlTFJbt^S^IPMOPiMp^.N) 
(•RlTFItiP'tlUTniii'MlTtjOBtJO^iJOSt^ 
tiO   TO   to"« 
CONTINUE 

BF#L'   «NO   TMT   FOR   CONSTANT   STMENSTH. 

HEAr)(lNt9?0)*^iTFR(MP,S,N»t»?.TEH(MPfTtN) 
hPlTr(t>(Q2n)n tTt--MMt>,s,N) tAyfTER(MPt7fN| 
tiHlTF(b«9(«>) TOIUTMiJOTtJaHtJOStJ^ 
00  TO   bPO 
CONTTNUF 

PF*l/   «NU   tNTT   Fü«  fir. 
PEAn(IN,P45) KttNICINP) tA2iTFf<(MP,7,N) 
fcRlTF(ti,o*?>)«i,Mr(fP),«?,TFP(MP,7,N) 
WPlTPCbtPhf) Tnn.IN,J(iq,JO10tJl)S.J2 
GO  TO   tO« 
CONTTNUF 
IF   »N   ,fO,   31   HO   Tli   7P( 
rt • •» 
j?«*MHtro»« 

PPAu  FON   P«TF-,f'nFPFMnENT  WECOM^RfcSSION  MODFL. 

IF   (HHbK   .bT.   f)    \u   JI:  Mn 

PFPtAT APPAY5 t<^»Kr5, 
GO TO (641 ifr*5t'>«7tft«P> KCS»" 

6*2 

POREOtT, 
»•PP ■ r.P*) 
00 M? NO • 1 ,t.PP 
POP*(Mk<MU«3)aP0PA(MptM0il) 
POR».(l4P.»jOt3l»POPP(Mp,fiO,1 I 
CONTTNUE 
no A«« ^r)■1 tt 
PHUP (MKi>>Ut 3) BHHOP (»PtNb, I) 
Cl (MP,N(J,3)»ri (MP.KO.l) 
IF |N« ,rQ. *» GO TO 644 

• • 

•• 

•• 

•• 

• • 

*      ¥Ap0P(MP,MOt3l«yAt>OP(MP.N0ill 
%     P0RC(MP«fiUf3)BP0PC(MPtNUtl} 

»     C0«O(M»'.NO.3l»r0SO(MPtNUil) 
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TOO 

CONTINUF 
60 TO 700 

PORHOlT, 
PON«(Mf.1*3)! 
PHOP(MH.Ri3> 

80 TO Iff 

iPOKft 

■ RHOP 

,(»«P,1tn  »  POHB(MP,li3)"PORP(MPtltl) 
•OP(MP«S»l) %     PHOP(MPi?.3) ■ PHOPIHPf2«l) 
iOP(i«pt3ii)   »   YArop«HP,it3) ■ Y»nüP(MPtiin 

•• 

CARhPLL-HOLT VODEL. 
»PC(MP,3)«»Pr(MP,l) %     fPS(*«P,3)»fPS(f«Ptn 
ntL(»»Pt3»"0EtlMP«l)  «  RH0P(MPt5.3)»PH0P(HP,5tn 
r.o TO 7rn 

HFPHMANN P-ALPH» MOPEL. 
P0KA(MP,1.3) B PPPA(MPt).l)  $  PORC«HP.l,3) ■ PPPC(MPiltll 
MHOPfMptlfJI ■ hHPP(^Ptl.l) 
GO TO 7ro 
00 TO (4«»P.5l0.5?0.63nt540«!>?'(U f.f«?^ 

PPAU FOR P*TE FFFFCTS IN COMPRESSION. 

»  IF IhMbM ,EU. «) J4«!>MRtC0K 

T20 
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T40 
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79P 
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C ••• 
c 

TS5 

C 
c  •• 

c 
c  •• 

h m  i 
J2»«MCüPP»   »   J3«J4»lH 
IF (KTfM .EQ, C) J3»5HTFf-!S» 
IF «KCyM .LE. ' ) GO TP 7«-P 
60 TO (7M'.7?n.73Ct7*li) RCLi»" 
CONTINUE 

PFAt AM) INIT FOP LUFAk V/I5C0US VOin(C) PR PUCTUF. FRACTURF( 
KEAnflNtOlD*) . nFMMP.IiM) il»li7) 
t»RlTF(bt<»U')A1. t1FH(f-P.I.N).I»1.7) 
IF (f .FP. 1 ,0R. 'v ,PU,   3) »■PITE(ft.'JK,)IPPtlN.JClltjOl2.JtiRt 

]  J'.J3.J* 
IF |M .FO. ?\   ^RITt(^.R^',)lr,^.I^'.J017,JOlP^JQH.J^ 
IF (TFh<»'P.H.N) ,FQ. t .)TFPIKPift,N)»»«.»3.14l«i9»TFR 

1  (►»p,3,M)»»?«TFKMP,4,^) 
60 TO T-r 
CONTTNUf 

BF*Ü «NO IMT Pt^r^lC POrMOLT, •• 
PE4n(lN,0?o)»).TPH(Mp,fi) 
kRlTFIfe.t^um.TPM^.M 
•.RlTF(6.o*",)TPn.TNtJP13tJ01««J»B»J?»J

,'«J* 
60 Tr> 7«« 
CONTINUE 

PFAL «NO TNTT P»N»MfC BI-TCMFP P-AIPHA.TAU. •• 
»<E4P(IN.«>?f )A1.TPH(Mf-,f.) 
WRlTFIttOPPI'l.TPHlMP.N) 
04UP((«'f',n.)«-*LFO/AR(CP)»(l.-»'<(MP)»*LFti/FPSTlM) 
• RITF < o t ObD) TDP 11^• Jf-1 3 • JWI ^ i JOP. J? • J31J4 

PFAt PPH PUTE FFFfCTS IN TFN»|OW, • •• 

60  Tr<70f .7!»?,77r.<»rp) 
J^■«HTt^« 
IF   (KTuI"   .6T.   t )   GO  TP 
IF    «KCuK   .EO.   f1)   PO   TO 

(7bO«7?P»760) 
7S(. 

KTOP 

PFPt»T   AROAVS   KTP.HCD, 
IF   (KCUP   .EO.   ))   60   TP   Tip 
IF   tKCV»   .6T.   ?)   6C  TP  7S6 

PEPt^T   LIME*R   VlfCOi'S   VOID  FPH  0UCT1U   FKACTUPF. 
TFR(»«P,1.?)«TF^<»P«1.))     »     TFB-<MP,?.?)«-TEK(MP,?tl) 
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CPEST 375 
PEST 376 
PFST 377 
PEST 37P 
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TCR(MPt3,2)«TrMMPi3(1)     S     TEO<M»»,*,?) •TEfMMP,«,)) 
TE*«««Pt5.2)»-TFR(MP,^,n      |     TFh(MP,6.?»«TEP(MP,ft,n 
TtH<MP,7.?)      ■     TFrt(»»P,7.1)   »     TCR(MP.(>«?)   •   Tr«(HP.PtH 
00 TO  7»" 
IF   (KCl>  .61.   3)   dU  TO 7b» 

Pr»U  MPITTLE   F»»CTUP|   «NP FRAeHFN1«TlCh. 
CONTINUE 
CONTTHUF 
GO  TP   1*" 

PF»i   FOP   PATF   EFFECTS   IN  WECOHPPESSION. 
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1000 
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prPfcAT ARRAYS KI-P.KCD AS FOLLOkS. 
IF (KCU»« .ECi. f«) CO   TO «00 
fiO TP (90ü»7l»iu7P5«79rl KCU»' 

BFPtAT FOO L^FAP VISCOUS VOID CPHPHESSIOK' KOPFL, 
Te«»MPtl,3>«TfPti»P»ltn  «  TEPtMP.?i3l»TEN<MPt?.l) 
TEHfMP.S,)) ■ TFP(HP,3,n  f  TEf.(MP,4.3) ■ TEP(MP,«,I) 
ieM(wP,B,3) ■ TEP(HP,K,n i     TEP(MPt6«3) ■ TEPII'Pt6.1) 
TtH(MP,7,3) > TFF^P.Tfl)  »  TEP{MPtPt3) • TEP«»«P,H,U 
RO TO VOP 

PFPtAT FOB DYNAMIC POHHOlT MODEL. 
TPHtMMt3t"IPM(MP,n 
bO TO *or 

•• 

•• 

.tl.PHi.TAU  MOfEL. 
üAOP("P.3l»DAOP(KPil) 

OFPtAT   t-OB   HIITOHFP   P 
TPMrMi>l3taTPH(l»»'(l)      « 
flO   TO   V"" 
60  TO   (90n»7?fi«7,<0i7«r.) 
NCIlWNl 
FOMM/IKAIO.TFI-.I» 
FOPMAT(1Xt?An 
FOPviriAJAIO.FlP.-J») 
F0H»4T(«  PY«»Flo,3»«   PC««F10,3.»  EPS»»Elr.3l 
FOMMA'  (•   ABSOU'TF   VA|.IIF   OF   CO^«OLIOATION   PHb«SOPF   teAS  CHANGED  TO 

1     8F   WITH^    ^LLO-AbLr   PANGE«) 
FüB<«T(/t 
F0KM4T(«   CON«OLlnATIC^  DEN5nY««E10.3) 
F0HMAT(?(Air.I6tI?<I?l) 
F0«"AT (Al o,n(i, Al O.E 10.3) 
FOHMAT(A|(Eln.3l 
FOPM«T(*     t*UI «   AKO   SMfcAH   müO'JLl   ARF   CM«NGF0   TO   •PFIP.a»»   DYN/C»»? 
FOHM«T(1M*.7QX,SH   IN0«A2,6H,   IN.I2,A10»A9,*AS) 

rOMPUTATlON   0^   PHFSSUHF   OuHING  t»AVE   PROPAGATION, 
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TF ■ l.»F»HO^TGM»HMO$/FOSTC»' 
IJREF ■ n»TF 
hWVl ■ AflS(PVV)  »  ALFOl • l./;i.-RVVl)  » PMOH ■ RMOI 
IF «RWV .ir.n. .ANU, OHEF/RHOS .LT, l.-ABS<HVV)) GO TO 2000 
IF (OMül .FO. 0.) RHOI«OOLÜ 
ir(rt.O(MP».EO.r. ,ANO. MUM .ME. 0.) ELG <KPI ■ «1 .-Ml)P(MP) «F/MUM) 

1  /{1,-PHOP(MP,1,|)/PMOS)„ 
IF(F .tO, 0.) GO TO 1«00 
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CPES 
CPES 
RES 
PES 

CPES 
CPES 
CPES 
PES 
PES 
RES 
PES 
PES 
PES 
PES 
PtS 

395 
39* 
397 
398 
3V9 
«00 
*OI 
«02 
«03 
«U« 
«CS 
«06 
«07 
«08 
«09 
«10 
«II 
«12 
«13 
«I« 
«IS 
«16 
«17 
«1R 
♦ 19 
«20 
«21 
«22 
«23 
«2« 
«2« 
«26 
«27 
«28 
«29 
«30 
«31 
«32 
«33 
«3« 
«35 
♦ 3«' 
«37 
«38 
«39 
««0 
««1 
♦«2 
««3 
««« 
««5 
««6 
««7 
««8 
««9 
«SO 
«SI 
«52 
«53 
«S« 
«55 
«56 
«57 
«58 
«59 
«M 
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SUBROUTINE PEST  (Continued) 

IF (H .ro. so       *! .OR. M .ro. SP      M) GO To iRon 
«IFBRH09/RHOI 
HULK«Cw*TCM»r/(*I r«ELK(MP)•(»LF-I)) 
MUNa*M«X1 (O..MIiM*(l..ELG(>4P)*EL6(MP)/*LF)) 
CaSnRT((P(ILK*M(iM)/0) 

c 
C  ••• rOMpUTE   MRfsSMRE  FROM  ELASTIC  HEL«T10NS. 

PELamitK«(0/RHOI«TF«l.) 
C 
C  •• PPAMCH  TO   TENSILF  OH  COMPRES51WE  MOUTES. 
c 

IF   (PEL   .LT.    •.)   60  in   ISüü 
C 
C •••    rPHPPrSSION P«TH, 
c 

KCrt^BHC$f"H)   f  Nat 
IF (* ,f'i.   5o    T) H a SH    0 
IF (H ,^F. 50   / .A'MP. H .«if, 5R   H) ßO TU 10R0 
M ■ «M     U 
KCP« a KRS(MP) 
IF (Kt'st^) .™. 11 «rns ■ KCS(MP) 
Ma-» 

1090 f-o m (ncc.n?(i.n*c.n>'i'iiHn) KCBS 
c 
C •••      r#i.cui«Tio^ or COMPACTIOM CURVE. 
c 
C •• poRt^T  MnnEL, 
UOO    »»Can 

fST  a   ( . 
IF   (ORtF   .GT,   PMOP(Mj<,c,|M) (Ro   xo   1109 

llOS     NC  a  Nt*l 
IF   (riRtF   .(iT,   RHOPC'P.MCtN) )   fiO  TO   U«S 
^ST  a   ►•(PÜHA{MP,Nt.N)*POHB(HP,NCiN)/OhrF*POPC(MP.NCt 
NU a  »AXMl *NC>11 
rZJ a   fe'MMO.MJ.^)      T     CWJ  a  Cl(MP.^^O.^) 
VAOnv   a   Y*UDP("M.IJW.N) 

C 
C     • C"ftf   FdP   rON«OLlf>ftTION   IN  LAST   POROUS   HEPION, 
110^     IF   (fwtF   .LT.   PHPS)   Ml   TO   13ü«i 
iio9 «0 TO (ni',«ni?.uu) N^RM 
llio CALL Fu^TfF.n,Ps.M,rj,oPonj»npnFj) 

eo TO JIIH 
1112     CALL  FS»n.*,M,Cj.O.F.PS.I)POOJiDPÜEJ) 

60 Tn   HIP 
1114    C»LL  EUSTPF(i.S.M.cJ.n.EtRS) 
111F     IF   tP$   .|T.   PST)   BO   TO   1300 

PST  a  PS 
IH  a  M< S 
IF   (PS   .LT.   PFL)   "O   TO   I Jut 
CJ  a  PS     *      H   »   6,W S      «     "VV   a   0. 
&0  TO   i9or. 

C 
C   •• BfVhOl T   MO11FI.. 
1120     DREra»hA»l <tiPFF.PWOP("Pi 1 .N) 1 

ALFt   a   (PHOP(^P»1.l )»(PnwA(Mp.l ,N)»PURII1(MP.1,N)»(0PEF 
n)#(PRtF-NHOP(MPt^.N|)J/OPEF 

ALFCaAPAXl 'Al FSf1 .) 
OS   a   AtFS«U«FE 
c-o TO  (n?h.n?H,n3(>)  NPRM 

1126     CALL   FgST(''..OSiPS.«'.CJtüPÜDj.ÜPOEJ) 
60 TO  m* 

1126    CALL  ES<(1^.^*CJtnS.( .fPStOPODJ.UPOEJ) 
eo T" m* 

1130  CALL EwSTPFil.s.MCJ.üS.'StPS) 
113*  PST a HS/ALFS^F 

YAUOM a vAOPP(MP,1 .^) 

PEST 461 
PEST 462 
PEST 463 
PEST 464 
PEST 46S 

CPEST 466 
••• CPEST 467 

PEST 468 
CPEST 469 

•• CPEST 470 
CPEST 471 
PEST 472 

CPEST 473 
••• CPEST 474 

CPEST 475 
PEST 476 
PEST 477 
PEST 478 
PEST 479 
PEST 480 
PEST 4P1 
PEST 482 
PEST 4P3 

CPEST 484 
••• CPEST 4H5 

CPEST 486 
•• CPEST «87 

PEST 48« 
PEST 4P9 
PEST 490 
PEST «91 
PEST 492 

NI/DREF«n»2) PEST 493 
PEST 494 
PEST 495 
PEST 496 

CPEST 497 
• CPEST 498 

PEST 499 
PEST »GO 
PEST 501 
PEST 502 
PEST 503 
PEST 504 
PEST 505 
PEST 506 
PEST 507 
PEST 508 
"EST 509 
PEST 510 
PEST 511 

CPEST 512 
•• CPEST 513 

PEST 5)4 
-HMOP(MP,2iN)PEST 515 

PEST 516 
PEST 517 
PEST 518 
PEST 519 
PEST 520 
PEST 521 
PEST 522 
PEST 523 
PEST 52« 
PEST 525 
PEST 526 
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SUBROUTINE PEST (Continued) 

C 
c •• 

1U1 

1143 

1US 

IU7 

IU9 
1155 

llftO 
c 
c •• 

1170 

IITt 

11T* 
11T« 

1179 

11P0 
1300 

C 
c    • 
C 

GO  Tr   llnH 

c»RhCLL-Mr>i T mr-Fi. 
f-NCw   ■   1.0 
IF   (rRtF   .tjT.   RHnP(KP,S,M )Gn  TO   11*3 
HNEw  B  PP   ■   PBFF/PHO«; 
IF    (BWtl»    .GT,    ?,-l./»Pr(KPtN»)    PNFW   ■   l.»r,!>««HP-l./»PC(MP,N)) 
Mt  ■ n 
hi   ■   HMOEL(MP,N»»«lOf5(F>»«;(MP,N)-BMFK) 
MNEW ■ »•■lNHRNFW»(Hl-BNf-Wt/(l.^OEL(HP.N)/(EPS«MP,N)-HNE«»»)tO, 
19199) 
NX ■ I4««1 
AH ■ NK 
IF   («H5(MWH«-B))    .OT.   ),F.-6   .AND.   tkr   .LT.   10.)    RO   TÜ   1|«] 
US   ■  IIHEF/HNFW 
«0   TO   (H*1»»! |47.1 i«g)    KPWM 
c*Li  Eg«T(C,,r»s.PS»^,rj.nPunj,i)PnFj» 
GO TO n^^ 
CALL  F|A|ltS»MtCjtD«trt,«M«tnpoOJ«0P0FJI 
GO T"  11^*; 
fALL  EuSTPFd .«..M.CJ.ns.O.tPsi 
PST   ■  K5«HNFW»»- 

«0  TO   11'•« 
CONTTNUF 

MFPKMäNOI   P.ALPHA. 
•»ST  .  u, 
OC  ■ HriU«#(Pnpr (»'P.l,ri(«F/EOSTrM«l.)/TK 
I'C   ■  ^hOci»(l,,TSOE(''.POHC(HP,J,N|»F.fOSTrif«l'r»F,FOStrM. 

1     Eo^Ti>i.FiiSTS^.FiJSTr,M,HjSTHM,F05TFM,»hO«,E'JSTMM,F)) 
IF  me .i T,  ni  «o  m  liny 
nv  ■ •»hOP(f'P,l ,M/U«(l.*POWa(NiP.l,M)/AR(MP) ) 
ALFv     B   l./(riy«TF/>«MOS-Pn«AMP,l ,N)»f/£0qTCM) 
bo a AMXI «r..r»vj 
ÜVU  B  uV»ALFv/U0 
neu B vr/Dü 
HI   B   (l;Cn-(lvn)««?/(Al FY   .   1.) 
H2 B ncr/«Mi/7. 
ALF«  B h;'-SuNT(0?»H?-llCU»UCI')-rtn 
DS  a  AL^'On 
GO   TO   (H7P,n7?,117*)   hPWM 
CALL  FuSTlF.r^.P^.iM.CJ.nPDOJ.nPüEJ) 
GO  TO   i17H 
CALL fSAd.b.M.rj.us.r.Ps.DPonj.DPr'EJ) 
RO  TO   117P 
CALl   IrtSTPt-(i ,StM»CJ.n^,E.P«) 
IF(o   ,faF.   l>¥)   GU   TO   1179 
nru B L/Y•AL^y/n 
ucu B ur/o 
^1   a   (UCn-liVO)»«?/(«| FY   .    1.) 
H?   a  OtrUMl/?. 
«LF«   a  h3-St)nT(H?«w?.nrD»ljCn-Mt ) 
PSI B K/ALF« 
IF   (PFL   .LT.   P«;T)   f.O   TO   VJOO 
PJ  a  PbT 
CONTTMJF 
PJ a Ptl 
IF   (PS1   .LT.   PFL)   PJ   a  PST 

CDMHUTF    <FLATTVt   VOID   VOUCIF., (HVV) 

PTHaTSüFd.P [•kHOS/n,FOSTGM»HMOS»E.Eu';lCl».EU5TDM,FfiSTSM.EOSTGM 
1      EO«TMM,EU«iTEM,PH05.FOSTNM,F) 
IF    (PJ   .ME.    f..)    PVWBAHAXl (l.-PJ/pfHtO.) 
IF    (PJ   .EO.    '.)    FVV*AMA)() (0,,1.-D/PTN) 
ALFeal./d.-PVV) 

PEST 527 
CPEST 52B 

•• CPEST 5?9 
PEST 530 
PEST 531 
PEST 53? 
PEST 533 
PEST 534 
PEST 535 

9999PEST 536 
PEST 537 
PEST 538 
PEST 539 
PEST 540 
PEST 541 
PEST *4? 
PEST 543 
PEST 544 
PEST 545 
PEST 546 
PEST 5*7 
PEST 548 
PEST 549 
PEST 550 

CPEST 551 
•• CPEST 552 

PEST 553 
PEST 554 
PEST 51.5 
PEST 556 
PEST 557 
PEST 55«» 
PEST 559 
PEST 560 
PEST 5M 
PEST 56? 
PEST 563 
PEST 564 
PEST 565 
PEST 566 
PEST 567 
PEST 568 
PEST 669 
PEST 570 
PEST 571 
PEST 572 
PEST 571 
PEST 574 
PEST 675 
PEST 576 
PEST 577 
PEST 678 
PEST 579 
PEST 5H0 
PEST 5H 
PEST 58? 
PEST 5B3 
PEST SH4 

CPEST 5*5 
• CPEST 586 

CPEST 5H7 
t PFST 688 

PEST 589 
PEST 590 
PEST 591 
PEST 59? 
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SUBROUTINE PEST  (Continued) 

If   (AST1   .EO.   C.)   A^Tl   ■   *LF«; PEST  593 
If   CPCL   .6T.   PST)   60  TO   J31C PEST »•• 
IF   (IM  .ME.   IP         S)   60  TO   1900 PEST S95 
PVV  •  o.     S     H  •  SH          S     S     GO   TO   1V0Ü PEST  59ft 

C CPEST 597 
C •••   OVNAMTC Por^SUPE. ••• CPEST 59ft 
C CPEST 599 
1310     KCHnaKlD(MP) PEST  600 

IF   (H   ,rti,   SO           ft   .«NO.   KHfMMP)    ,NE.   U)   KCRO   •   KPn(MP) PEST   601 
IF   (KCHP  .GT.U   (10  TO  1320 PEsT  602 

C CPEST  603 
c ••        no Hm-OFPrNncNCE, •• CPEST 6o« 

IF   «IH  .cu.   KW         S)   H  ■  5H         S PEST  605 
60 TO  I9pr PEST  606 

1320     PElS«TSOrn.PFL»PH0S/PtEOSTßM#PMüS»E«fUSTMiF0STnM,tOSTSHiE0ST6M.   PEST  607 
1     tOSThM.FwSTF^tPHO^.FOSTNM.E) PEST  60ft 
IF (PEL .KE. r.> ALFL-PFLS/PEI. PEST 609 
IF (PEL .EU.«.I ALFLBPHS/U PEST *10 
ALF^P ■ (ALF<-4STl)/nT PEST 611 
ALFl.O ■ (AUFL - »LFOll/OT PEST 612 
60 TO (19n0t13«0.13«0iMA0) »»CPO PEST 613 

C CPEST 61« 
C ••    I TMEAB VisrPUS VOIP COMP/>CTI0h. •• CPEST 615 
1340 WE ■ l.-l./MFL PEST 616 

OV a OVP • l./P-l./Pl)LO PE«T 617 
NLOOPahA»)(1.,-OvnOSTCM»D/AMAXl (PST.P»/ALF»p.P,-4,«TERIMPi1tN)»OTPEST 61ft 

1  «(P-HSTl)) PEST 619 
VOLo ■ i./Udin  f  Vs" ■ (l.-PVVU/POLD PEST 620 
NT«v ■ n PEST 621 
MWl ■ PWi PEST 622 
PTMl ■ PTHO a PST1«A^T1 PEST 623 
PSO ■ «MX1 IP,PST1)/(1.-PVV1) PEST 6?« 
TF (PSll .LT. ?.) PSO»PTH|.»PTHO»0. PEsT 625 
IF (1.- PW1 - 1,/AST1 ,LT. P.  .AMD. PSO .OT. PTHO) GO TO 13*01  PEST 626 
KVPO ■ -l./tPPLC^EUSTC»1) PEST 627 
DHVP ■ n. PEST 62ft 
60 Tn 13A03 PEST 629 

13401 HVPP ■ (1.-R«VI-l./*5Tn/nOLn/(PsO-PTMO) PEST 630 
PRVP a (OVV-VVE»/P/IPFlS-PTH)-RWPO PEST 631 

13403 VSTHO a 1./(PniD»ASTl) PEsT 63? 
IF (PST1 .LF. f. .OR. PST1 .GT. P) PTHLapTMOaPTM PEST 633 
UVSTH a (1.-RVW)/P-WSTH0 PEST 634 
DWÜP a (W»/t/n-PVVl/noi.n)/(PELS-PSO) PEST 635 
OPIM a PTH-PTHO PEST 636 

1341 PELV a PV/KLPPP » VM a VOLO » PTN a DEI V/llVO»DT PEST 637 
Al a TtP(WP»1,M)»nTN PEST 63« 

C       «EOiN DO I OPP FOP SUHCVtLlNU PEST 639 
PO 13*7 ML ■ IINIOUP PEST 6*0 
WH a Vh*nlLW %     MATlO a (WH-1./UüLD)/ÜVO PEST 6*1 
»VP a kVPO*UPVP«RATI0 PEST 6*2 
VSTM a V«TH(l*nvSTMaRATTO PEST 6*3 
PTMH a PTHO*npTH«PATlO PEsT 6** 

C       FIRST tSTTMATF OF PPFSSURF IN SOLIP PEST 6*5 
OP a AMvl((>.,Psn-PTHl ) PEST 6*6 
XR a 1. ♦ !F (OP .AK« (I.) XG a EAP(AI*UP) PEST 6*7 
PLO a PTMH  ♦  PUP a PFLH a AMAXl (PtPSTl)/(1 .-RVVll♦(PELS-AM*X1(P,PEST 6*8 

1  P«T1)/(1.-RVV1»)«»ATI0 PEST 6*9 
PS* a PFLH  «  7ß a PVVL»VM PEST 650 
IF (PTHM .GT. PEI H) GP TO 13*'> PEST 651 
PSJ ■ (PFLV*VS0-VSTM»PTHH»RVP*PS0»nVDP-HVVL»VM»{XG»(l.»A1/?.» PEST 652 

1  (-PTMH-PSO»PTHl ))-!.))/(RVP»l)VüP«RVVL«WM»X6»*1/2,) PEST653 
NC a o PEST 65* 

1342 NC a NC»1 PEST 655 
DP a (AMAX1 ("..P^.J-PTHM) ♦*«*»! (O..PS()-PTHL))/2. PEST 656 
ZG a HVV)»VM « IF (OP .GE. 1.) ZG a Z6»FXP(*1»OP) PEST 657 
OELVA a VSTH-wsn»PVP»(PS>|-PTHH)*üVPP»(PSj-PSP)*ZG-PVVL»VM PEST 65ft 
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SUBROUTINE PEST  (Continued) 

PSÄ ■ P^.I PEST *»« 
*C  . MC pfST 660 
IF   t»»»S<neLV«-l)ELW»   .I.T.   l.F-S»VM  .OK.   (PSJ  .LF.  PTHH  ,»NO.   *C PfcST 661 

1     .AT.   1.))   no  Tn  13*0 ptsT 662 
IF   (KC  .«F.   1")   RO  To   134« PEST  663 
IF   tOFLVA   .6T.   OrLW)   PI.O   ■   AMAXI(P8A.PL0) PE«T  66« 
IF   (PFLV»   .LT.   PriV)   PUP   >   AMIN1{PS»,PUP) PtST 66S 

C                   M*Kt  ?NÜ  FSTI^ATF  Of  PHESSURE   |M THE  SOL in PEST 666 
IF   (»OOlwC.?»   .JO.   0)   frO  TÜ   13*3 PEST 667 
f-SJ ■ P<e.i«(i)ri v-nELVA)/(PVP«0vr>P*Zr,»«i/2.) PEsT 66» 
PO TO   19«« PEST  669 

C                    TuTtKPPLATION  FST1M4TE   OF   PRESSHHE   IN  SUL1Ü PEST  670 
13«3     PSJ ■ P<SA*(t»FLV-nELVA)/(nELVB-OELVA)«(PSH-PSA) PEST  671 
13««  CONTlNUf pEST 67? 

IF (PSJ .PT. PUP) HSJ ■ PUP-).f7 PEST 673 
IF (P5J .LI, PLO) PSJ ■ PL0«1,E7 PEST 67« 
IF (KC .FÜ. i) GO 10 13«S PEST 675 
IF (»HbOELVA-r^ELVI ,flT, ABS(ÜELVB-OELV)) GÜ TO 13*? PEST 676 

13«S  PS« ■ PS«  «  nfiVM . DEI.VA %     (50 TO 13«? PEST 677 
C       fONClilSlOM OF I uOf* PEST 67» 
13«*  PWL ■ Zn/VH     J.   PTML • PTMH   s   PS« » PSO ■ AMAX1 (PTMM,AMIM  PEST 679 

1  (PrLM.PSA)) PEST 660 
VSO  ■   VH-7G     «        R'T   ■  CNT«WW.O/VM PEST  681 

13«7  CONTINUE P^I *"2 
PJ ■ (l.-KtfW| )»PSA  f  PVV « l*VVI, %     GO TO 1900 PEST 6«3 

C        PO0Vl«I0N FOR AHOf<T FOR ITFHATlOW FAlLURt PEST 6H« 
13«8  ^TRv ■ ^.T^'y♦1  «  IF (NTHV .RF. 5) GO TO 13«9 PEST 68* 

¥OLn ■ WM-UFI v « nv ■ I./I'-VOLD pEsT 686 
»»LOOP m MAXI (■J.,-2.»»NlMT«UV»fcUSTCH«l>/AMA«l(^ST,P)/ALF*0.8) pEST 687 
GO Tr 13*1 PEST 688 

13«9  WRlTF(6«?3«9)M,P.nv.C)ElVA.UFl Vh PEST 689 
PO TO 13«6 PtsT M0 

c CPEST 691 
C ••    POHhOi T Mor>EL - DYNAMIC. •• CPEST 692 
1380  ALFO « TPH(HP,M»ALFLO »ASTl »ALFSli» (DT-TPH (MP.N» ) ♦ (ALFD1-TPH (    PEST 693 

1  Mp,M)««LrLl-«STl»TPH(MH,N)«ALFSU)«EXP(-(<T/TPM(»'P,N)) PEsT 69« 
1382 US ■ ALFn«U pE^T 69S 

NO TO (1185.1390,I39S) NPRM PEST 696 
138«  C*Ll FuST(E,r»s,Ps,M.CJ.nPOOJ,nPOE.J) PESj 697 

60 TO Mn« pEST 698 
1390  CALL FSA(l,S,y,CJ,l)S,E.PS.UPOOJ.üPOFj) PEST 699 

«0 To j«pn PEST 700 
139%     CALI   EWSTPKl.^.^.CJ.OS.F.PS) PE5T701 
1«00     PJ»AMIM(HEL,AMAX1(PST,PS/ALFD) I PEST  702 

PSlBTSgF(l.Pj»HMOS/n,FOSTGH«RMOS«E.e(JSrCM,E0ST0> .F.OSTSM.fcÜSTRM.        PEST   703 
1     EoeThM,FüSTF,k»RH0S,FOSTNM,F) PEST  7C« 

IF   (PJ   ,MK.   ".)   0VV»AM»X1 (0.,1.-PJ/PS1) PEST   705 
IF   (PJ   .FU.   r.)   RVv«AMAXl(ü..1.-r)/PSl) PEST   706 

l«2n    CONTINUE pEsT 707 
60 TO   1900 PEST   708 

C   •• MITCHFP  P-ALPwA-TAU ••   CPEST   709 
1««0     CONTINUE P^I   !}? 

HT"TPM(l'PiN>»(ALM--»LFS)/nADP(MP,N)/{PtL-PST) PEST   711 
«LF0«((A( FL-aFni)»BT/PT-ALFS»ALFDl)»FXP(nT/fiT)«ALFS-(ALFL-ALFni)»PE5T   712 

1     HT/OT pEST   713 
IF   (ALt-O   .LT.   ALFS)   ALFO   ■   ALFS pEST   71« 
IF   (ALJ'O   .GT.   (MFD   ALfD   ■   Al FL PEST   715 
60  TO   1?»? pEST   716 

C  ••• TCNtllt   PATH. •••  CPEST  718 
C   •• «TAIlr  FRACTURE   THHFSHOLO  CURVE. ••  CPEST   7i9 
c CPEST  720 
1S00  KTSS « KTS(MP) PEST 721 

IF(fTSi .EN. o) trTSS « KCS<HP) PEST 722 
N . 7 PEST 723 
«0 TO (l«?0,m»0.15«'0) «TSS ptST 72« 
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SUBROUTINE PEST (Continued) 

C 
C •• 
1920 

C 
C •• 
1540 
C 
c  •• 
1560 

1565 

1570 

1572 

1574 
15(10 

1600 

C 
C •• 
c 

c 
c  •• 
c 

c 
c  •• 
1615 

C 
c  •• 
1620 

PTM ■ 1FB(»»»*t5,N)*F 
P%1   m   Ü<M>TM«n,/PMoS»FOSTGM»F/EOSTrM)/(l,»PlM/F0STCM) 
60   TO   IMP 

r«»cTiiPf MPCHäMCS. 
"0   TO   \f>?t) 

•• 

•• 

CHEST 
CPEST 

PEST 
PEST 
PEST 

CPEST 
CPEST 

PEST 
CPEST 

•• CPEST 
PEST 
PE«5T 
PEST 
PEST 
PEST 

r«PKO| L-MOLT   THPE^MOI.O   STHESS. 
PST  ■  KFI. 
IF   (n»tF   .GT.   «MnP(MPtS,N|)   fiO   TO   IfOO 
HNEw   ■  hP  ■  nPfF/HHPS 
NW   ■   r 
HI   ■   HKtnEUwPtMCAl OMFPS(HP(N).BNE*) 
bNEw  ■  *MIM (RMFfcXHl-HNEwJ/d.^DEL (MP.N)/(tPS(Mp,NI-BNtW) ) fO.Q999PEST 

l«»"*«» PEST 
**   m  *■**} 

«M   ■   M» 
IF    («PSIP^M.HII 
US   ■   OhFF/HMF»( 
60   TO   (l«7P,l«i''2tl!>7«)   NPWM 
c*Li FusT(p.,ns.Ps.M,cjtnponj.DPnEj) 
r^O  To   is*r 
C«M   ES* (1 «StMf CJtli^f'I. •H«<nPijDJ(DPnEJ> 
00  TO   JSBO 
CALl   EwSTPFd.Sti'tCJfOSiO.iP^) 
•■ST   ■  >.S»HNFw»F 

GO  TO   IhOO 

.CiT.   I.F-fc   .AND.   AH   .LT.   10.)   GO  TU   1S65 

IF   (PS1   ,GT.   P<) 
PST   B  f* 
IH   ■   «.K S 
IF   »PEL   .«T.   PS)   GO   TO   1#>P0 
HJ  .  PS 
h   ■   CH s     «      PVV   ■   I . 
GO   TO   JPftP 
PJ  ■  Ptl 
IF    (M   ,MF,   *>(> S)    H   ■   Sfi 
IF   ("FL   ,UT,   PST)   H  ■   «P 
IF   (PEL   ,LT.   PST)   HJ   ■  PST 

rOMpUTf   RFlftlTVt   Wlllf.   VULUMf. (HWW) 

»-TM^TSliFjUPj^rtMOS/li.rOSTfJM^RMOS^EtEUSTCM.fUSTOM.FOSTSMtEUSTGM, 
1      EP«THM,FUSTF^tr<H0S,FOSTNMfF) 
IF    (PJ   .Uf.   ».)   PVV   ■   AM«<1 (r..l..p.J/PTH) 
IF   (PJ  (Pi)«   ■<,)   BVV«AM«XI (0..1 .-n/PTu; 
ALF«   ■   1./(1..HVV) 
IF   (PVV   .GT.   TFRtMH,7,N))   60   TO  ?000 
IF   (PFL   .Gt.   PST)   60   TO   mo" 

nvN*^lC   TFKSILF   PPF5Sllf.E. 

•"TUP ■ KTOIMP) 
IF (KTl)P .fU, ') rTOO ■ KfLMMP) 
IF fKTUP tfU, " .ANO. KCOM .FO. 
60 TO «1*15.162"«16'<P) KTDU 

MO KATt DFPFNOFNCt. 
PJ ■ PST 
GO TO 1615 

0) KTOU ■ 1 

PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
»EST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
•• CPESI 

CPEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 
PEST 

CPEST 
•• CPEST 

CPEST 
PEST 
PEST 
PEST 
PEST 
CPEST 

•• CPEST 
PEST 
PEST 

CPEST 
•• CPEST 

PEST 
W. A. G. OliCTUE FPACTUHE MODEL, 

nv ■ nvo ■ i./n-i./POLO 
WVE  al,-PFL/TSOF(I .PEL«PMOS/n.EOSTr,M«PM0S»etFOSTrM,EOST0M,E0STSM,   PEST 

1      EOST(»M,F(JSTHM,F0STFM,PHOStFOSTNM,E) PEST 
IF («SI1 .EO. ".) AS71 ■ ALFS „ PEST 

725 
726 
727 
72« 
729 
730 
731 
732 
733 
734 
735 
736 
737 
730 
739 
740 
741 
742 
743 
744 
745 
746 
747 
74H 
749 
750 
751 
75? 
753 
754 
755 
7b6 
757 
75« 
759 
760 
7M 
7b? 
763 
764 
765 
766 
767 
76B 
769 
770 
771 
77? 
773 
774 
775 
776 
777 
778 
779 
7HU 
7B1 
7B2 
7«3 
704 
7B5 
7B6 
7P7 
708 
769 
790 
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SUBROUTINE PEST  (Continued) 

1*21 

C 

pet* • m/M,-vwn ?t%j 
NL00M«*«l(l..-0W«EOsTCM«|)/*»TNl(P<O«P»/»Llr»0."t*.*TFR(HPtJ,N)«0T  PEsT 

1     •CP-^JTU) PEST 
voLn ■ i./ooin   «   w$o ■ (I.-^WWII/DOLO PEST 
MHv  ■  C PEST 
KVVl   >  l-VVl Pf«T 
PTMJ.   ■  PTHO  ■  P5T1«»?T1 PEsT 
PSO ■  «MTM(P,PST1I/(1.-HWV1I PEST 
tnPfTl ,ST, n.) PSO»PTHL»PTHO»0, PEST 
ir   <»,-  PWl   -   l./A^Tl   .OT.   0..AND,   P«0   ,LT.   PTHO»   60   TO   l*?Pl          PEST 
ORVP  ■   P. PEST 
PVPC  ■  -1./(noir»»PUSTCM) PEsT 
00 TO  HWi PEST 

Htm  »VPO ■   M.-KWW1-l./A5Tl»/POLn/(PsO-PTM0) PEsT 
PHWP  m   (PVV-WVE)/n/«PFLS-PTH|-BVPÜ PEST 

16203 VSTHO ■   i./tnnLn«ASTi> p^ST 
r>VSTM  a   (1,.PVVI/n-VsTH0 PEST 
PVÜP  ■   (WVt/n-».VVl/C0Ln)/(PEL5-PSO) PEST 
IF   (PSll   .tO.   (i.   .0»,   PST)   .LT.   P»   PTML   ■  PTHO  ■  PTH PEST 
DPTM  ■  PTH.PTMO PEST 
PEL« • nv/NLnop   »   VM ■ voi n    $   OTN ■ OFLV/DVO«OT PEST 
»1   ■  TtP (»«»'. «.N)«0TN PEST 

fifhlK   00   LOOP  FOB  SUHCYCl IiJ« PEST 
"0   If32  Nl   ■   1.Ml OOP PEST 
WH  ■  VM^OILV     %    »ATin  m   (VH-i,/DÜLD)/UVO PEST 
PWP  ■  KVP(i»OPVP«PAtIO PEST 
VSTM  ■  V«TM()#rVSTH»RATIO PEsT 
PTHH ■ PTK)*npTH««ATin PEsT 

FJKiT  ESTTrtATF   OF   PPfSsUPF   IN  SOL 10 PFST 
a  AMlHl(n,,PSft-PTHL) PEST 
a   1.     %     VN •  0. PEST 
(np   ,c,f.,   r,)   (SO  To  16«2 PEsT 
a  EAP(Al«np) PEsT 
a  FKP<OP/TFH(»'Pf*.,N) ) PtsT 

► TMh     «     PUP  a  PFLH  a   AMINI (PtPStl) / (1 .-«VW1) • (PELS-AMlNHPtPEST 
PEST 

»    PSA  a  PfLH PEST 
Iftjo PEsT 

PSJ  a   (OFLW*VS0-VSTH»pTMM«KVP*PSO»nVUP-HVWL«VH»(Xfl»(l,*Al/2,« PEST 
1 (-P tMM-PSO«PTMi))-1.)-TEP(WtStN)•WM»OTN«»N«(1.-(PTMH*PSO-PTHL>/PEST 
2 2./TtR(HP,*,K/) ) »/(pvP*0«LiP»RVVL«VHaitG»Al/2,«TFR(MPt8»N)«VM»DTN»  PE«T 
3 Kn/?./TtH(MP,(i,N) ) PEST 

NC  a  n PEST 
1623  NC a NC*i PEST 

UP a «•►•TNI(»,,P«;J-MTMH)*AMIM (ü.tPSO-HTML)>/?. PEST 
79   a BVVl»VM  1  7N a P. PEsT 
IF (nP .PE. '*,)   rn  To 162* PEST 
20 a Zb*FXP(ii«np) PEST 
2N a TtB(»'PiA.K)»VH«0TN«EXP(nP/2./TEPtHPt(s,N)) PEST 

162«  DtLV» a VSrH-VS0*PVP«(PSJ-PTHM)»PVOP«(^SJ-PS01*7G-PVVL«VM*ZN PEST 
PS» a KSJ PEST 
AC a NC PEST 
IF («HS(nFLVA-OFl V) .IT, i.F-*»VH ,0k,   (PSJ .OF. PTMH .AMD. AC    PEST 

1  .«T, 1.11 r.O To I63r, PEST 
IF t'lC   ,&,   1") 00 To H>*f PEST 
IF «OELVA .LT. ÜFLV) PL0 a AMINI(PLO.PSA) PEST 
IF «OELV« .QT. OFLV) PUP a AM*X1(PsA.PUP) PEST 

C        M«Kt ?NU rsTI^ATE OF PBE5SJHE IN THE SOLlr PEST 
IF (>M)U(WCff) .FO. 0) GO TO 1625 PEST 
PSJ a P5JMPFLV-nCLV#)/(RVP»nVOP»ZO«»Al/2.*ÜN/2./TEB(MP,6.N) I PEST 
GO TO 1626 PEST 

C        TNTtPPOLATJON ESTlMATF OF PHESSHPf IN SOLIO PEST 
1625 PSJ a PS«MDHLV-nELV*)/(DFLVB-OELVA)<MPSB-PSA) PEST 
1626 IF (PSJ .LT, PUP) PSJ a PUP»1.E7 PEST 

IF (PSJ .OT. PLO) P«:j a PLÜ-1.E7 PEST 
IF (NC ,FQ. n 60 TO J627      „ PEST 

1622 

PP 
XO 
IF 
xo ■ 
AN i 
PUO 

1 P«Tl»/(l.-PVVn)»RAT10 
20 a PvVl»VM % 7U a 0. 
IF (PThH .LT. PFLMI 00 TO 

T91 
792 
793 
79« 
795 
796 
797 
79« 
79* 
FOO 
801 
802 
803 
80« 
605 
606 
807 
808 
809 
810 
811 
812 
813 
81« 
815 
816 
817 
818 
819 
820 
821 
822 
823 
82« 
825 
826 
827 
826 
829 
830 
831 
832 
833 
83« 
835 
836 
"37 
838 
839 
8«0 
8«1 
8*2 
8«3 
H«« 
8*5 
8«ft 
B«7 
8«e 
B«9 
850 
851 
852 
HM 
8*« 
855 
856 
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SUBROUTINE PEST   (Concluded) 

IF («HSintLVA.nELV) .C'T. ABS(üELWB-DfLV)) OU Tn )#,?3 PEST Bit 
1627  t-SM a H<(« %     OELVH ■ dELV« PEST ItSt 

C-Ü TO 1».?3 PEST 859 
C                    TftNtLl'SIO^  OF   LOOP PEST   860 
1630     kWl    ■   (7^*ZN)/VM     %       PTHL   ■  PTHH       %       PSAaPSOsAMlNI (PTHHtAMAXl   PEST  8«! 

1      lprLn«PS*)) PEST  162 
VSO  m   vH.7ti-7K PEST  R63 
TNT   ■   k^T»VOLn/VH»TFW(MP,4iN)«EXP(('P/?./TPH<MP»ft,N))tOTN PEST  86« 

1632     rOMTNur PEST  865 
l-J ■   U.-BVVl )0P*A PEST  866 
PW   ■   HWI PEST   867 

1635      IF   (PVV   ,liT.   T»:f■(»«P•7^^■) I   GO  10   200P PEST   t>6H 
«0  TO   jgnf. PEST   869 

C                     PPOwI«l(>N  FOH   AHOpT   FOP   ITFPATION  FAlLllPt PEST   870 
1660     f'TNv   ■  ^TMT»i PEST   871 

IF   ( iTbY   .bF.   S)   fiO  TO   16A3 PEST   872 
VOLO ■ VM-bH v   ♦   nv « i./f-voLu PFST «73 
M.Onp   a   MAXI n.«-2.«»l IBV»l'V»FiJSTCM«r'/AMlNHPST,P»/*l F»C,H) PEST   874 
60 Tn   ih?} PEST  875 

1643      toMlTF<et?'U9)ftP.nv.OFl VA.DfLVH PEST   876' 
RO  TO   1610 PfST  877 

C                     »MITlE   FOACTllPE   AMfi   FhAOMfNTATlO^. PEST   878 
1660     hO  TO   i«»oi PEST   879 
C tPEST  880 
C ••     »OLin A^ü POMOHS MFLT AKO SOLIO BfMttVIOP •• CPtST 8H1 
C CPEST 88? 
1800    8fl TO   (\flrs.iMio,lelS)   ^'PMM PEST 883 
1805     CALl    FU^TIttO.PS.^t^^HPl'OJ.nPOEJ) PfST  8H4 

Ciü  TO   it.«*« PEST   885 
1810  CALl FSA(l.S.K.,C,n,F.P^.OPUn.l.nPl)Ej» PEST Hg6 

CO TO 18»<' PEST HH7 
1815     TALL   Fu<TPF d,«.,MiCtOtttPS) PEST   HH8 
1840     IF   (M   .»r.   sp          si   R<)   TO   INS'1. PEST   889 

IF   (F   .FO.   n.)   fiO   TO   10f>i, PEsT   890 
PJ«PSi«PFl »PS PEST   B«»l 
hi)  V    l«*0 PFST   892 

1850  PJ a PST ■ Pri • AM»ii(f,,PSI PEST 893 
!F t*J   ,PT. -.I r.O TO 185S PEST 894 
UM a 1<"F(1. PJ»HHOs/lt rüSTi^»HH0S4F« FOSTrH, FO^TOMt EOSTSM,   PEST H95 

1 EkKfGm HJSTHM« FuSTFMt HHOS. EOST^»'. E) PF.ST 896 
IWV« AKA*1(P., I. - r/PTHi PkST 897 
H B ep    M PEST 898 
PO TO 1«*'« PEST 899 

1855  HaSu   «s  t I vw«'. PEST 900 
1860  IF (PFL .IT. '.I f.O TO 1S00 PFST 901 
C CPEST 902 
C   •• FMUMS   POIlTIMF, ••   CPEST   9U3 
C CPEST  904 
1900     E   ■  ^♦o.*#(P»PJ)»M,/n-l,/00l.i') MEST   905 

P  ■  PJ PEST   9C6 
IF   (F   ,NF.   P.i   «Hnj»(FOSTrM4F«ll»TF-P«RrtOS*<l.*FLK(MP))»/(EQSTCM»F-PEsT   907 

1     P^FLM"^» ; PEST   908 
IF   (F   ,F'J.   P.)   PtnOlaO^TF PEST   909 
PHUTaA^t»'! (PwnltPHu«) PEST   910 

1910  PSTl«P!.T  *  AST1«ALFS PEST 911 
PETIIPN PEST 912 

C        FUAbMrKTATTON, PEST 913 
2000  P«P«TlBTi»n, S    PHOi«t»TF PEST 914 

t»«V a -ABS(Pvw) PEST 915 
«STl > I./(1.*PVV1 PEST 916 
M ■ «P    7. PEST 917 
PFUior PEST «18 

2349  FOHMATl«    TTfMATIOh. FA tl UPf .Ma»I?,« ►•■•iln.3.» O«»«El0.3i» UFLVAPEsT '»19 
1  ••FU.l.« nFlVP"»F10.3) PEST 920 
FNU PEST PEST 921 
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APPENDIX  B 

INVERSE SOLUTION OF THE MIE-GRUNEISEN EQUATION OF STATE 

At  several points in the PEST subroutine It  Is necessary  to find 

solid densities,   given the pressure and  Internal  energy.     Th ,• subroutine 

described here for determining these densities Is called TSQE.     The 

pressure used may be either the pressure  in the solid or the pressure 

In the porous material.     In either case a direct  solution for pressure 

Is unobtainable so Iterations are required.    The following form of the 

Mie-Gruneisen equation is used 

2       3 /     ru\ 
Pg  =   (Cu  +  DU     +   Su   ) (l   - jM + rpgE (B-l) 

where    u, ~ 0 /0      - 1,    For compression     (n    > p     ),  the product    fp 
s     so I s so s 

is treated as a constant    T p and    rM-Zd + u).    For extension.    T 
orso 

is treated as constant, and D = S = 0.  If the pressure P in the 

porous material is known instead of P ,  the following relation holds: 

Pp      P (u,E) 
so     s 
  =  «  P' (u,E) (B-2) 
p       1 + u        s 

Since variables on the left are all known, the same kind of iteration 

procedure is used to obtain u  here as for Eq. (B-l). 

The iteration scheme used is a combination of regula falsl and 

Newton-Raphson,  A first estimate of ü  is made from a linearization 

of P {|i,E)  or  P'(M-,E). 
3 S 

p   - r D   E 
s   o so 

^  - —  (B-3) 
s 
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Mil"'. 

or 
pp-«/p - r p   E 'SO                 o   so 

u      = 2— (B-4) 
1 Ks 

Then the right-hand side of  Eq.   (B-l)  or  (B-2)   is evaluated with 

U = M,      to obtain    P        c 
1 si 

solution of Eq. (B-l) is 

U « p,  to obtain P   or P' ,  The next computed value of u,  in the 
1 si      si 

P - P       P - P 
s   si       s   si 

ui+i ■ »*!+-TJFT +    .P. -P (B-5) 

2 m   s* - pBi-i) 
^ 'u-u.     ^i "»1-1  / 

where the second term on the right is the Newton-Raphson part and the 

third is the regula falsi term.  Equation (B-5) is used to compute 

successive iterations of \i    until the difference between u.    and 

u  is sufficiently small. 

Four paths are shown in the listing of TSQE, corresponding to 

whether solid or porous pressure is known and whether density is greater 

or l^ss than o  . The nomenclature is given below, folioved by the 
so 

listing of the subroutine. 

Nomenclature 

IP       Indicator 

0 Solution for u with the solid pressure known 

1 Solution with the porous pressure known 

2 
PP       Input pressure, P or Pp /«, dyne/cm 

s      so ^ 

2 
GRE      rn  E, an input quantity, dyne/cm 

'so 
,    2 

C,D,S Coefficients of the Hugoniot expansion,  dyne/cm 

G Grllneisen ratio 

EMU H =   P   /p       -  1 
s    so 
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FUNCTION TSQE 

l. 
C 
c 

c 
10 

c 

c 
is 

r 
25 

3n 

3? 

65 

70 
75 

80 

► UNrTIuM TSUrdP.PPtfiHEiCtUt^tGtHtFStHOStCMiF) 

CALCl'l »Tt^ MU OH PTM FHOM KNOWN PRFSSU«»t «NO 
IP m n, iKVtB^K tO^. IP ■ 1. INVEMSE FOS FOP 

EO^ BELATION, ««C 
PTM ■ ALF4«M»ST, 

P« r^or G2 G/?, 
Aal«« 

IM)   ■   If'tl 
IF   (PP   ,l.t,   RPf I    IM>  ■   iWf 
FHU1    ■    (pP-f,l>F)/r 
HC  m  *%*% 
bo  TO   tlPtm,?'t?S)   iwn 

PATH row roi'POFssiOM . s^l in PffssiiHt  KNOWN, •• 
l»MU   B    l.«fKIJ) 
fH   B   FHl.^»(r»FM'M«(r>«FI'UI»S»l 
^1   a   PhF^f'MBd .-r?«FMül/<>««UI 
FMU» B T<ue « mi.i»(PM-pn«(n,5/(PM»(;?/«iMti»«?«(r»FMui«(2.»D*FMiu« 

1 .   •«»»•(» .-G?»fMlil/WMli) |*0«M(f«ltltaF»«tl4) /(►'l-PO) ) 
oü m 3r 

PATn Fti>< r«^•>A^i«;InN - «Wilo POKS^U^F KNO<*N, •• 
WMUal.«F'HH 
«iBIiO^BM^'ll 

<?BM« (it.HlaS" 
S4arnP(»►!•»• Miii /»JKi.i««?) 
S3BF-FS»«!.-«*) 
P|aci«^p«sj 
li»'|t-llaH(i«««:?»c,1«e|/?.*(G-M)/« J»S3»«1 •S2«FS»S*/*»MII»»3« ( 1,-FMU1) 
FMiVaTMn ♦ (PP-H) i /oroMU 
eMU9BAh*«1 (-1 .»1.r-»«»Ci4MlMl (FM(I?,-J,t-«»NC)) 
M) TP JT 

PATH   F'it<   r'^Pf'^S'llflN   -   POOIII«   PPFS^URF   RIvnuM. •• 
WMU   a    l,«F<ln 
FT»   a   l,«6f»f»MM/WM' 
PH   B   FMn«(r«F»iU)»(P»FHUI»S) ) 
PI   a    (KMBKTA.RUF.j/wMl.i 
FMU?   a   FH'1»(PP-P1 »•«",%/I (I T A» (OFMli1»(?.»U.F'-'ij)•■*•«!) )-Hl-Ph»G2/ 

\      MMII**?)/M»'II) ♦o,S«(^n|l-FMi'P)/(PI-P(;| ) 
f-0  TP   3* 

PJTH   rdH   r«PAtSlON   -   PnHClK   PKKSliHfc    f.NlO<»K, •• 
WHU   B   i.*FMl1 
SWBM1MT (WMil 
<2aM«(i,-P)»SP 

<3aF-tS»<I»"«*» 
»•|BRn««C?*S? 
liPDMUBHt'«/?,» (ij-w) •S3/^f3»iJi)««S?»PS«S*<» 11 »■f'Hlt) /WM|i««3 
FMu?BfMin »(PP.PI ) /oPn-ii 
FHUjBAt.Ax) (-1 .♦! .F-M»Mf|rt'Mrj) (FMli2,-l ,F-8«Nt.) ) 
CONT'NUF 
It   (n:  .«T.  »n  PHINT ^?.iP»pPiGP?tPi itMu?»t»'U'. 
FO«»,.iT(«   IPB»n.»   PP,i.PE«Pla»3t"ln,1t«   fM|i9,tMUl. 

i    nf»«B?n) 
IF   (Kf   .ri>.   1?)    I»»8IXX*1 
IK   (f«A   .('T.   ?,)   SIPP 
IF (PP .'F. ', .fM). AMSiFt-^^-FMUl) ,M, 1.1.4»» 

1-3) »   (-11   Tf    7c 
IF (PP .FH. '. .Hb. Ät'<lFMli?-KM(ll) .r,T. |*l»3*A 

1-3))   r,{,  TC  7c 
TSOfaH-l'-» 
IF    (IP   .Hi,   1)    Te(JfcaPTH8pp»( 1 .»EMU?) 
1F(PP   ,FP,   «.l    TroFapo««! | .»fMll?) 
MeTlll«M 
CONTTMiF 
IF   (MC   .PtJt   I ?)   f-"  To ^s 
IF   IAHSIP'"-»'?)   ••'».  »H<;(PI-PP))   '-n Tc   HO 
HO  a  PI     ♦     W*i>r   a  FMi] 
IF   (PP   ,r.T.   r,PF )   Fi'in aFfii:» 
IF   (PP   ,\ y ,   PUP)   FWIl««,S»(FWI|»EMt)?| 
(id   TO   t 
FND 
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FMUÜ«NCtlAX 
eMllOB».U12.S«»   NC. 

IMftXl (AMSd^UI) .l.f 

liMAJIl (tHb(f MUD till 

TSOE 2 
CTSOE 3 
TSOE 4 

CTSOE 5 
CTSOt 6 
TSOE 7 
TSOE e 
TSOE 9 
TSOE 10 
TSOE 11 
TSOF 12 
TSOE 13 
Tsoe U 

CTSOE 15 
TSOE \t> 
TSOE 17 
TSOt 18 

3TSOE 19 
TSOE 20 
TSOE «M 

ctsot ?2 
TSOE ?3 
TSOF. 2* 
TSOE ?S 
TSOE <>*> 
TSOF ?7 
TSOE ?« 
TSOF. ?9 
TSOE 30 
TSOE •n 
TSOE 32 
TSOF. 33 

CTSOE 34 
TSOF 3S 
TSOF ?*< 
TSOF 37 
TSOE 3« 
1SUF. 3« 
TSOE 40 
TSOF 41 

CTSOE • if 
TSOF 43 
TSOf 44 
TSOF 45 
TS(vt <.* 
isot 47 
TSOE «H 
TSOE 4<* 
TSOE S'l 
TSOF SI 
TSOF «.? 
TSOE S3 

.TSOF S4 
TSOF S5 
TSOE S6 
TSOE S7 

ETSOt c« 
TSOF '.9 

FTSOE ^n 
TSOE 61 
TSOE ft? 
TSOE h"» 
TSOF f>4 

TSOE ft«. 
TSOE *>fr 
TSOF 67 
isot 6« 
TSOE 69 
TSOE 70 
TSOE 71 
TSOE 7? 
TSOE 73 

Reproduced  from        fl^ 
best available copy. JMy 



APPENDIX C 

PHILCO-FORD EQUATION OF STATE 

This appendix contains a listing of the subroutine incorporating 
10 

the Philco-Ford  equation of state, plus instructions for using 1* in 

a wave propagation calculation. 

The subroutine, termed EQSTPF, is called at two points in a wave 

propagation code.  The first CALL is from the initializing subroutine 

(GENRAT in PUFF) at the point where material properties are inserted. 

At this CALL, the original solid density (p  ) and the Hugonlot parameters 
so 

(C, D, S, f) must be available in COMMON.  Additional material data are 

read in directly by EQSTPF during the initializing CALL: they are not 

available to the rest of the program.  All other input and output variables 

are inserted through the CALL statement.  The CALL statement used in GENRAT 

is simply 

CALL EQSTPF (0,IN,M) 

where the first parameter (NCALL) indicates initialization, the second 

(IN) is the file containing the input data, and the third (M) is the 

material number.  During this CALL, the subroutine reads two cards and 

initializes its internal array variables. These data cards contain 

identifiers and 14 constants in the following form: 

TI-PF 1  1.800E 00 3.970E 00 0.       1.750E 00 2.612E 10 1.490E 10 1.170E 10 

TI-PF 2  1.159E 11 1.060E 11 3.550E 03 1.160E 04 1.950E 03 4.790E 01 5.638E 00 

The cards contain an alphanumeric title in A10 format and 14 variables in 

E10.3 format.  The variables are Cl, DLM, DSM, Dl, HLB, HLM, HSM, HVB, 

HVM, TBK, TCK, TMK, WT, AND ZKO. These variables are listed for aluminum, 
10 

beryllium, and titanium in Table C-l as they were taken from Goodwin et al. 
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TABLE C-l  PHILCO-FORD EQUATION-GF-STATE DATA FOR ALUMINUM, 

BERYLLIUM,   AND TITANIUM10 

Variable Aluminum Berylll am Titanium 

RHOS, P
SO 

. 3 
g/cm 2.71 1.85 4.5 

EQSTC, 
so 
C 

2 
dyn/cm 7.72 x io11 1.203 x io12 1.016 x 10 

EQSTD, D 
2 

dyn/cm 4.908 X lo11 8.212 x 
11 

10 7.222 x 10 

EQSTS, S 
2 

dyn/cm 6.076 X lo11 -3.79 x io11 -5.685 x 10 

EQSTG, r 2.11 1.15 1.09 

Cl 1.80 1.80 1.80 

DLM 
. 3 

g/cm 2.380 1.690 3.97 

DSM 
. 3 

g/cm 2.537 1.808 (4.25) 

Dl 1.75 1.75 1.75 

HLB erg/g 3.020 X io10 8.983 x io10 2.612 x 10 

HLM erg/g 1.061 X io10 4.976 x io10 1.494 x 10 

HSM erg/g 6.658 X io9 3.674 x io10 1.170 x 10" 

HVB erg/g 1.400 X io11 4.202 x 
11 

10 1.157 x 10' 

HVM erg/g 1.260 X io11 3.925 x io11 1.060 x 10' 

TBK 0K 8000 8000 11,600 

TMK 0K 932 1556 1950 

WT g/mole 26.98 9.013 47.90 

ZKO 5.626 5.626 5.638 

12 

11 

11 

10 

10 

10 

11 

11 
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■ •». ..' '■•!  --. . 

The second CALL to EQSTPF Is made to obtain the pressure in a wave 

propagation calculation.  In SRI PUFF, this CALL statement is in HSTRESS: 

CALL EQSTPF (1, 5, M, C(J), D(J), E(J) , P(J)) 

The first parameter (NCALL) signifies that pressure is to be computed. 

C, D, E, P are the sound speed, density, energy, and pressure.  C is 

unused, D and E are provided to the subroutine, and P is output. 

A pictorial view of the EQSTPF is given in the simplified flow chart 

in Figure C-l.  The subroutine is actually in two parts: the first handles 

reading and initializing and the second (beginning at location 200) 

handles pressure computations. The second part contains three subsections, 

The first of these selects the appropriate phase for material, the second 

contains two functions for numerical  evaluation of quantities on the 

phase boundaries, and the third contains five sections for computing 

pressures In each of the three phases and two mixed phase regions. 

A nomenclature list is provided containing the input variables and 

other principal variables of the subroutine.  This list is followed by 

a listing of the subroutine in FORTRAN IV. 
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BEGIN INITIALIZING 

(    READ INPUT   ^ 

INITIALIZE 
• SET MELT DENSITY 
• CRITICAL POINT VALUES 
• EVO, WO, PVO 
• SPECIFIC HEATS 
• MISCELLANEOUS CONSTANTS 

f RETURN J 

BEGIN PRESSURE COMPUTATIONS 

SOLID 

SOLID- 
LIQUID 

LIQUID 

LIQUID- 
VAPOR 

VAPOR 

NCALL IS ZERO FOR INITIALIZING, ONE FOR 
COMPUTING PRESSURE. 

READ 2 CARDS CONTAINING MATERIAL NAME, AND 
14 VARIABLES: C1, DLM, DSM, D1. HLB, HLM, HSM, 
HVB, HVM, TBK, TCK, TMK, WT, ZKO. 

COMPUTE THE MELT DENSITY TO BE CONSISTENT 
WITH ESO. COMPUTE PRESSURE, ENERGY, AND Z 
AT CRITICAL POINT. COMPUTE INTERNAL ENERGY, 
SPECIFIC VOLUME AND PRESSURE CORRECTION AT 
ZERO PRESSURE ON THE VAPOR TO LIQ'JID-VAPOR 
PHASE LINE. COMPUTE SPECIFIC HEATS FROM THE 
RATIO OF ENTHALPIES TO TEMPERATURE CHANGES. 

TEST INTERNAL ENERGY AND SPECIFIC VOLUME 
AGAINST THE ENERGIES AND VOLUMES ALONG 
THE PHASE LINES TO DETERMINE THE APPROPRIATE 
PHASE. 

MA-2407-21 

FIGURE C-1      SIMPLIFIED FLOW CHART FOR EOSTPF SUBROUTINE 
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I 'III   —*— 

LOCATION 600 STARTS A SPECIAL FUNCTION FOR 
COMPUTING SPECIFIC VOLUME ON THE PHASE LINE 
BETWEEN SOLID AND SOLID-LIQUID REGIONS FOR 
GIVEN INTERNAL ENERGY. FOLLOWING COMPUTATIONS, 
CONTROL RETURNS TO THE POINT INOICATED BY 
NPART. 

COMPUTE pv, Ev ON LV-V 

AND pL, EL ON L-LV 

LOCATION 650 STARTS A SPECIAL FUNCTION FOR COMPUTING 
2 N       STATE POINTS ON BOTH  LEFT ANC RIGHT BOUNDARIES OF THE 

LIQUID-VAPOR REGION. CONTROL RETURNS TO THE POINT 
INDICATED BY NPART. 

MA-2407-22 

FIGURE C-1      SIMPLIFIED FLOW CHART FOR EQSTPF SUBROUTINE    (Continued) 
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© 
COMPUTE P RETURN I SOLID PHASE 

COMPUTER   t—^[RETURN) SOLID-LIQUID REGION 

f 800 j 

COMPUTE P    -^1 RETURN ) LIQUID PHASE 

(850   ) 

COMPUTE P 

f 900 j 

VAPOR-LIQUID REGION 

COMPUTE P ]— [ RETURN | VAPOR PHASE 

MA-2407-23 

FIGURE C-l       SIMPLIFIED FLOW CHART FOR  EQSTPF 
SUBROUTINE (Concluded) 
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NOMENCLATURE OF INPUT AND PRINCIPAL VARIABLES 

Al, A2, (a , a ) 
a  D 

B, BP, (b, b#) 

CBT, (C«T ) 
M 

CC 

ci, (e ), Di, (di) 

DEDV 

DLM 

DSM 

EBL 

EBS 

EC 

ELO, (E  ) 
Ho 

EO, (E ) 
o 

EQSTC, (C) 

EQSTD, (D) 

EQSTG, (F) 

EQSTS, (S) 

ESO, (E  ) 
so 

EVO 

Constants in vapor-liquid equation 

of state 

Constants in vapor equation of state 

Average of specific heats at constant 

pressure in solid and liquid phases, 

times the melting temperature, erg/g 

Cc /d ) /27 

Coefficients in the relation for density 
at the phase line between the liquid  and 
liquid-vapor regions 

3 
(ELO-ESO)/(VLO-VSO)   =  AE /AV   ,  erg/cm 

o      o 
Density of liquid at melting and 

atmospheric pressure, g/cvtfl 

Density of solid at melting and 

atmospheric pressure, g/cm 

Internal energy of liquid at boiling, 

erg/g 

Internal energy of solid at boiling, 

erg/g 

Internal energy at critical point, erg/g 

Internal energy at atmospheric pressure 

on phase line between liquid and solid- 

liquid regions, erg/g 

Internal energy of the ideal gas at 

zero temperature, erg/g 

2 
Bulk modulus, dyne/cm 

Second coefficient of Hugoniot 

expansion, dyne/cm 

Grüneisen ratio 

Third coefficient of Hugoniot expansion, 

dyne/cm 

Internal energy at atmospheric pressure 

on phase line between solid and solid- 

liquid regions, erg/g 

Internal energy of vapor at line between 

liquid-vapor and vapor at zero pressure, 

erg/g 
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HLB 

HLM 

HSM 

HVB 

HVM 

NCALL 

PC, (P ) 
c 

PVO 

RHOS 
'   (Po) 

Rl, (R) 

TBK 

TCK, 

TM 

(T  ) 
c 

TMK, (TM) 

V 

VC, (V ) 
c 

VLO 

VO 

vso 

Enthalpy of liquid at boiling and 

atmospheric pressure, erg/g 

Enthalpy of liquid at melting and 

atmospheric pressure, erg/g 

Enthalpy of solid at melting and 

atmospheric pressure, erg/g 

Enthalpy of vapor at boiling and 

atmospheric pressure, erg/g 

Enthalpy of vapor at melting 

temperature, erg/g 

Indicator in the formal parameter list 

0 means reading and initializing 

is required 

1 means pressure is to be computed 

2 
Pressure, dyne/cm 

2 
Critical pressure,  dyne/cm 

Correction to pressure of vapor to force 
a zero pressure point  on the phase line 
between liquid-vapor and vapor,  dyne/cm 

3 
Initial solid density,  g/cm 

7 o 
Gas  constant,   8.3144 x  10    ergs/ C/mole 

o 
Boiling temperature,  K 

o 
Critical temperature,  K 

TMK/TCK, reduced temperature 

o 
melting temperature,  K 

3 
Specific volume, cm /g 

Specific volume at the critical 
3 

point, cm /g 

Specific volume of liquid at melting 

and atmospheric pressure, cm /g 

3, 
Initial specific volume of solid, cm /g 

Specific volume of solid at melting and 

atmospheric pressure, cm /g 
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wo 

WT 

Yl 

Y3 

ZC, (Z   ) 
c 

ZKO ZK1 ZK2, 

<ko V V 
ZM, ZN 

Specific volume on phase line between 

llguld-vapor and vapor at zero pressure, 

cm /g 

Molecular weight, g/mole 

2C'T 

- M 2 
2C.AC.T 

M 

P V /RT , compressibility factor at 
c c  c 

critical point 

Constants in the vapor equation of state 

Constants in an approximate fit to the 

P -T relation on the boundary between 
v 

liquid vapor and vapor: 

ZN 

P V = 1 
v c 

ZM (1 - —) 
T 
c 

151 



SUBROUTINE  EQSTPF 

C 
C 

C 
C 
C 

SUbMnuTiNF  tU^TPf INCALL«lNt*t(.JtOft »Pi 

tlitlrf   CoMPUltS ^HtSSÜHt   f^OM  A   THKtk-PMAS».   t-(JO»TlON  Of   S»»tF 
UFVEtOPtO   MY   PMlUCO-f OKI).      HUÜTINE   HMS   Thb   PAHISt   ONti   H>K 
«F»ÜiM;   »Mr)    INlTULWlNb   ANO   Tht   ülMt«   ► UK   tOHPUTlMi   HKtSSUHF, 

HEAD   INKUT    (NCAULaUt      CALL    IS   f»U^   UM*«*?« 
1NPUI      -   NCALL»    IN»   ►"»   AND   MATtWML   HHOPtKIT   CARUS 
OUTPUT   •   PRINTS   CAhU   IMAÜES.   OKGAM?tS   UAI*    INTO   AkHAYS 

COmtHttl  PPlbSnPE   (»»CALL»!)      CALL   IS  FKOM  MSTwtSS USUALLY 
INPUI      -   NrALLi   Mt   CJ«   0»    t 
OUTPUT  *  P      (CUPhkMT   PHASE   Oh   StATt   UF   MAUNIAL   IS  AvAlLMÖLfc» 

^Awfcp   COVMUN 
MEAL  MUiPUM 
COMMON /EUS/     EOSTAlMiFltfSTCIbltEUSTDlbltEuSlMMtEbSTOO! • 

I     EU8TH|6lftbSTN(f) tE0STS(6) tEUSTtf (h) tC/U (6) .f «fi. (fc) iC?(6) 
COMMON /PFLf/  E^El t <f>ii>) tSPH(b) 
COMMON  /fcHU/   OM0(6).KHOS(e) 
COMMON  /TSM/   TSN(r>f JO) fFXMAT (>>«?ü) «TENSlbtJ» 
COMMON   /Y/   Y0(6)tVAUD(6)fMU(6liMUHiVAUPM 

DATA  ACCt   PI   /l.E-«f   b.JU4E7/ 

• ••••• BHANfM   TO   INIT1ALUATION   OR   tüMPulAl|ON   POPUONS 
IMNCALL   .EU.    ))    r-ü   Tu   ?0ü 

40 

42 

PEAü INPUT DATA ANU INITIALI/E CONSUNTS 

/l»rl(M)fÜLMtOSMtUlIM)«HLbtHLMtHSM 
ZltflIP)lULMtUSMtUlIM)thLbiHLMiHSP 
INUtlN 
ZJtHVethVMtTHR»ICRtTMK,«TlN),/KCi|P) 
ZltHVBfHVNtThKtTCKtTHKtüTIN)»ZMjlP) 
INDtlN 

INO  ■ Sn 
RCMitNtiieii 
MKITEIbtllOl) 
MMITFl6»lin<!l 
REAUlINiIltl) 
WMITtlftfimi 

VOIM)    ■   l./NMOSIM) 
ESO<M)snSP 
IF IO$M   .6T,   (>.)   bO   TO   S( 

COMPUTE  -nSM-   IF   DNSPECIFIEU 
EH6  ■  EwSTGIM)*PHOSIM)*FSOIM) 
EMU  ■ -tRO/IFoStClMI*FHG) 
EMU  ■ -tRR/IE0STC|P)*(E0STUIH)*E0S1S(P)#EMU)*tMu*EPh) 
NC?aO 
EMUO  ■ tPii 
NCt«MC2*l 
1F(NC?   .6T.   2«)   GP  10  42 
P  ■  EMU«(EUSTc(P)*EPU«IE0STU(M)*EMU«EUSTSlM)>*EP6)*EPG 
PP   ■  FOSTC(N)*EHG*EMU*I2.«EUSTÜIM)*3.*EMU*EOSTSIP)) 
EMU  ■ FPU.P/PP 
IF lAPSItPU-tMiiQ)    .GT.   ACC)   GO   TO   40 
00   TO  44 
PHINT   liOSiLMlIOtPfPPtEHUtP 
STOP 42 
CONTTNUt 
VSO(M)   ■  vülM/IEKUH.) 
00   TO 6b 

ADJUST  -E«0-   i   -VSO-   Tu   AüHEE   mil*  -ÜSH- 

FOSTPf 
fUSTP^ 
EubTP^ 
fOSTPt' 
^usT^^ 
fOSTPE 
EOSTP»- 
EOSTPf 
EOSTPHu 
EuSTPMl 
tuSTPM«; 
EUSTPMJ 
fUSTPM* 
EÜSTC0N2 
EÜSTC0N3 
EUSTCuH« 
EOSTCüMb 
EUSTCOMb 
tOSTCOP/ 
EUSTCUMH 
EUSTCÜMV 
E0STPM6 

.EOSTPU? 
tUSTPMb 

JEÖSTPH«* 
EOSTPfüi' 
E0STPF21 
EÜ5TPF2^ 
E0STPF2J 

EUSTPf2b 
EI«STPf2e> 
EÜSTPf27 
EbSTPf2C 
EfaSTPF2V 
EUSTPfJb 
ICISTPF31 
EOSTPf'32 
EUSTPf3J 
E0STPF34 
E0STPf3b 
fOSTPMf 
EUSTPM7 
FUSTPf3H 
fUSTHt-SV 
E0STPF4(; 
E0STPF41 
F0STPf42 
E0STPM3 
EU5TPF44 
E0STPf4S 
EUSTPMfc 
EUSTPF47 
FOSTP^I- 
(USTPF4V 
EÖSTPFbu 
FbSTPfSl 
EUSTPFS^ 
E0STPFb3 
EUSTPFb4 
EbSTPFSb 
EOSTPfbfe 
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SUBROUTINE EQSTPF (Continued) 

5( 

ft D 

C 

70 

Pr 

HO(M)   s   » bul"» •nL^-►<s^' 
r^MfUTt -PL^» !»•  ll^s^'^ci^•Iku 

VLOCI   s   I ./I I M 
■|^|^nl   B   Tf-h/Trtv 

SuLVt   >oh  -CL-  ►MOK  Eu,   3,^1 
CL   ■    (ML^-^LK )/(THIV-IMRI 
C^d)   «    (hVrt-HV^J/UHK-lWM 
ÜLTC   «   LV(^)-rt 

«IM VE    FOh   .Al-   •    -Ä?-   «MO   -ALHHA>   FHÜH   tUS.   3.?* 
Al M)   ■   I I lt/Pl»«iT(^) 
A«(»«)   ■    (K«-ni.TC»Tt.M/(hl«ICM»»(T«M) 

«"UwE   foh   -Ah-  mo   tu.   3.^5 
»   ■  l*.,/TH*b.*TH**ti-«?. 
An   •   (At (M)/Tt4.Al(W)*o.3U?b»x)/(1..0,Oh38«X) 
*i|M|    ■   A7l*).Allt-) 

SfiLvf   fuh  -/C-  FMOf EO.   3.27 
ZC(")   ■   l./(3.72* i.<rt<«(AH-7.n 

«OL»f   FuK  -VC-  fHü^i  tU.   3.33 
VtM)   »   (1.»C1 (»«|«(l.-TM(M) )••(!,/3.)«Dl (M)««l,-Tl-(M)))/ÜLM 

tu.   3.3* •HC-   FROM 

COMPldE bibP 

82 

SOL»E   M;»-   CRITICAL   PHESSUf.fc 
HCIM)   «   7f (M)«Rl*TCK/Vt(W)/»(T (M) 

Sr>Lvt   tu.   3.fct-  Hit,  Hi   ■  BETA 
Ml   •   •?. 
h2   ■   I.s»(l,//Cl»«)-1.) 
HJ  «  ?.«S//C(»)»»?-b.b//C(M)-'J.7b 
Mo   a   nl 
Bl    ■   h2*SnMl(MJ-l,/hl) 
!>■    1AHS( (Wl-boi/Öl)   .6T.  ACC)   (»0  TO  7u 
B(M1   a    I (3.*M1.6)*Hl.l,)/(hl«(3.*bl.l.)) 
HUH)    s    «hl-3.)/(3.»Ml-l.) 

CfWrUTI   -CO-   .   »Kl-   f   ANL'   -K2-   (EUS.   3.71 
U(/K(>(M   .bU.   i.)   ^KO(M)   a   bl 
ZM (M)    •   Hl-^KO(^) 
Z^2(M)    •    (1.»7K1IK)*H1-A1(M)-A2(M|)/2. 
EHSlI»-)   ■  /(,(M|»TCK»wi/iiT(i«i) 
EHS2(i»)   ■   TO«(CV(M)-m/l»I(M) ) 
FÜ(M)    a   Hwh-CV(M)«TbK 

SOLvf   tu,   3.2P   K)H   ^V   TU   FIND   EVO.   HvOt   OVOi   WO 
T   a   fMIM 
f»W   a  FXK(A2(M)»(1,-1,/T)»A1 (M)»AUOü(T)) 
Xl   a   T/ACI^I 

A   a   7K0(»«) »^m (M)/T 
Ak   a   ;nt((»)«(T-)./TI 

«^Lwt tu. 4,6 FOM hv 
Rv a Pw/Xl 
NC3ar 
MW1 a M« 
NC3»^r3»l 
If   (KC .(",t. ?() r,o TO «2 
X2 a 1,-tM(M).bP(^l«Hvl)»HVl 
PO a X1*HV1/X?-(A*A»'*MV1)*NV1**2 
POP a Xi/x2»(irl»HVl»(B(M)-2,»BP(M)»RWl))/(X2«K2)-(2.»AO.»*P»»Vl) 

l^t-Vl 
HVaAMAXi(PV1 *(PV-PO)/POPf1.t'12) 
IF (AHS(F'V-NV1).GT.uCC#HV .AK'O. ABS (RV-HV1) ,C»T . 1 .E-12) GO TO BO 
GO 10 Mj 
PMIMT liO*.KV1,PÜ,PUP,MV.H 
STOP f'2 

EÜSTPF5? 
EUSTPFS». 
FUSTPFi»9 
tUSTPFfct 
EUSTPFbl 
EUSTPFb2 
EUSTPF63 
FUSTPt-b* 
EUSTPFbb 
EUSTPFbb 
EUSTPFb? 
EUSTPFbb 
EUSTPF69 
EÜ5TPF7t 
EUSTPF?» 
FQSTPF7i 
EÜSTPF73 
EUSTPFT* 
E0STPf7S 
EUSTPF76 
EUSTPF77 
EUSTPF7B 
EBSTPFT» 
EUSTPtbC 
EUSTPF81 
EUSTPFB2 
EUSTPFB3 
EQSTPF8* 
EöSTPFBi 
EUSTPFBb 
EUSTPF87 
EQSTPFBB 
EQSTPFB9 
EQSTPF90 
EQSTPF91 
EQSTPF92 
EQSTPF93 
EQSTPF9* 
EQSTPF96 
EQSTPF9b 
EUSTPF97 
EQSTPF9b 
EQSTPF99 
EQSTP100 
EUSTPlül 
EUSTP102 
EQSTP103 
EQSTP10A 
EQSTP105 
EOSTPlOb 
EÜSTP107 
EQSTP108 
EQSTPIOV 
EQSTP1U 
EOSTPIU 
EQSTP1U 
EQSTP113 
EOSTPIU 
EQSTPllS 
EOSTPIU 
EQSTP117 
EQSTPUb 
EOSTPIU 
E0STP12V 
E0STP121 
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SUBROUTINE EQSTPF (Continued) 

C «'LVF   M-S.   «.«ft   [it   AMI   E   fOm   EVi   MLi   fcU 
^V »   H'(l'»*tH«?l»'»#)-»-H!>l (ml •(«/KU«M) ♦?.•/«! (M/T)-ZK?(M)OKV/1 
ML •   |.»r I (♦•)«(|.-I|««(l./3,)»Ui<>.)»(l,-1) 
tt a  M-H'Sn,'l«*'>',U./MV-l,/»«L)»(*?(Hl/T«*llM»-l,) 
)■ I a   MM*!*».! n(M-tL 

► ¥«)(••)    >    k'V 
VWOU)    a   VtlM/HV 
Fül«»    a   f1 

C <i'l*K   few.   4.4r.   fOU   -tt-   »ITH   1    a   1.    HV   a   1 
kC (-)    a   F(>(M)*f ^«,2>(M).fcfSl (H)a(/KUIM)*2.*/Kl(l«')>/K?(M)) 
litl>*(M|    a   (tLn(K')-FSÜ(^) )/(VL0(M)-VS0(M» ) 
H;VO(M>anFln<(H) 
f»»"'J    s.   Vi>(M)*|i|| \HH 
i        M    a    (r|(M)/lH(K) )»»JI/^7. 
I     >   a   ►btM^I/(l»'K-?,»H,) 
► CIC»)   a   r.«>«(CL-CsO)»lMK 
Tr-Tt»'!    a   ' ,a»(CL»r50)*Tt-H 
EKL«»«»    a   FIU(M)-CS<I*IM« 

EMS«»')    a   »•bO(M)-Cl «IMH 
VI C)    a   ?.«Ck'T(»') 
VJ««)   a   VH^I^CCL-CbCjalMK 

C Cl-NSfPUcT   A   FTT   Tr   «MHKOXIMMTF   HV-1   MELAlIUN ON  LV-V   HOUNUHr 
Tlafa'.vb 

ftl» TO 63P 
100 hiaHv 

T?at.',> 
N^AKl    at 
GLi In *i5>f 

I Ob fiuH\t 
^^(^«)a   MU'G((l.-»<l)/(i.-N?|)/»t06( (I .-Tl) / ( i ,-1?)) 
Z^ (N)   a    n.-M)/(l.-Tl)»»/N(M) 

Mtrufc» 

r»LCiiL4TT0i«5   TO  F IMi   ^(w.E) 

••• 

• •• «tLfcrT   KfMON   HF    HH*Sfc    C/IAGHAMS 
Ob Cl'NTfut 

V   a   l./w 
^FLtCT   St   SL.   L   UM   L.   LVt   AND   V   RL610NS 

IF    «V   .\jf.   »Lot*))   OÜ   TO   JUU 
TFSI FOH TOOL SOLID 

If (F .LE. tSO(M)) OH TO 70U 
SrUwE ^UM VS OK S-5L HüONüAKV «ITM tSet 

»<» a F-tHM*) 
U  ' f 
NPAKT a 1  ♦  UO 10 600 

SFCuNP BHANCW FÜH SOLIO MATERIAL» CONTINUE «ITH SL ANU L 
2ü   If    «W .LT. VSJ GO TO 700 

TFSI FOK rüOL LIUUID 
!► (F .LT, tLO(M|) bO TO Tbü 

•••    SPL*E >UH TEMP OF E AS IE E IS ON SL-L LINE 
*jf a F-thl (M) 
TF a (y<««t)HT(T2»V?-Y3(»') ) )/Yl (M> 

CO-KUTE E< FOB IF 
E4 • FS a tHS(M)*CHT(H)*TF*HOCT(M)/TF 

GO 10 600 TO GE1 WS ON S-SU LINE 
NHAHT a ? %     GO TO b{,2 

COffVrt   VLM OR SL-L LINt 
SO   VI.H a Wb*(F-ES)/OEDv<M) 

NL a | 
SEPAHATE SOLIP-LIUUID AND LIQUID 

IF IV-WLH» 7SS»755«»10 

••• KlOtN SNITCHING FO« Lt LVt AND V REGIONS 

tl«STHi22 
EUSTPUJ 

»•RVEtiSTMl?» 
EUSTRUb 
EOSTP12b 
EUSTPIZT 
EOSTPUH 
EUSTPIZS» 
EUS1P13U 
EUSTP131 
ECISTPI32 
EUSTP133 
EUSTP13« 
EUSTPI3b 
tbSTP136 
EUSTP137 
tUSTPlSH 
E0STP139 
EUSTPUO 
EUSTP1«! 
EUSTPi*2 
EÜSTP143 
EÜSTPI** 
EUSTPl*b 
E0STPI«6 
EOSTPl*? 
EQSTPl*b 
EOSTP14V 
EOSTPlbU 
EOSTPlbl 
EOSTPIbZ 
E0STP153 
EUSTPlb* 
EUSTPIbb 
EUSTPIbb 

»•• EUSTPIbT 
EDSTPlb« 

••• E0STP159 
EQSTP16b 
EUSTPlbl 
EQSTR162 
EfaSTPlb3 
EÜSTP16* 
EUSTPIbb 
EUSTPIbb 
E05TPlb7 
EQSTPlbt) 
E0STPIb9 
EUSTPITü 
EOSTP171 
EUSTR172 
EOSTP173 
EOSTPI7* 
EQSTP17S 
EO$TP17b 
EttSTP177 
EUSTPI7« 
EOSTP179 
EOSTP180 
EOSTPIBI 
EQSTP182 
E0STPIB3 
EÖSTP18* 
EOSTPlBb 
EUSTPlSb 
EUSTPIBT 
E0STP18S 
EQ5TP189 
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SUBROUTINE EQSTPF   (Continued) 

loo 

310 

312 

C 
c    * 
c 
3&Ü 

MW«NCH »OP MIRHLT vo^i^i/tu «fcr^J|»L 
!►    «V    .01.    ¥VOtf)»    dO   TC   SCO 

rO^tU    tf(V)    At   CMHICÄL    ItMf-    TO   CW^POHt    «UH   K 
ECV   ■   tU«^>*EPS?l'')-FHSI l«»*<URÜ<t«|«i#«<(r| |^)>«hv»/h?»»i|«N»«hwi 

I»1  «F .OT. tcv) cm ir vrn 
ri)tofUU    T   AM)    1K^   FV   ON   LV-V   UI Nt     (0   ^iA^^    TH1H     ItS«    H.I* 
Sf Pfc^ATlNr-   LV   AND   V 

hV   a   VCtM)/V 
»1   •   *W/(?C<M)»ll."tlMM)-Mk(M)«M)»HVM-*K?(M«»"V»»il 
X2   •   -/t\0(M)«p^«H« 
X3   ■    (Z^^(M)•QV-^t^l {»"))*K«r«KiV 

THIN   ■   0.0 
U    (XI    .6T,    f.r   ,ANU.   »3   .bl.   U*0)    TMlN«S(Jhr l*J/ni ) 
F*«*   a   (f .tCO(h) ) ' lbVü(M|>KL(MM) ) 

»:«AX«Vvr(h)»( I .-FMA»)«VLÜ(Mn    GO   tu   t^r 

l./?l«AHM)«ALU('(T)) 

c 
3T5 

C    * 
c 
c   « 
c 
c   • 
600 
602 

IF(V   .81 
T   a   l.o 
PV   a   fXf(A2<M)«(1, 
NCtan 
PVT   a   P« 
NC4aNC4*l 
I»   «Nr*  .fsl.  ?M)  (;ü Td JI,1 

TA   a   T 
Pb   a   X1*T*X<;*X3/T 
PvP   a   Pv*lA<MM)/T*Al(H))/T 
PGP   a   AMAXl ir.,Xj.Xi/(T'f)) 
T   a   **AAnT*»(P(,-PW)/(HVP-Pbl''l .TMIN»ACC) 
1^    (PVH-PfiP   ,LT.C.   )   1«TA«0.Cb 
T   a   «PlMd.tn.MTA.C.l««) 
Pt   a   EXK(A2t>')«(l.-l./T)*Al(»»»«AU00(T) ) 
V   (*HSHPV-PV1)/PVI   .(,T.   ACC)   GO   TO   31ü 
EV   a   FO|l*)*fcM2<M)«f>E'SI(M)#(/K0(Mt*^**^Kt(^)/1 

MHAMtH   1Ü   ElT^fK   V   0^   LV   REGIONS 
IF    (T   ,LF.    IM(M))   GO   TO   Vob 
IF   (E-E»l   MbO.900^900 
PHINT   lins.IA,prMPWH.PGP.T.^V,M 
SlOP   3U 

» TEST   Id  5EKAkAU   L   AMI  LV   MGluNS 
FIHbT   CtiKBUTE   T  OK  L-IV  LINE.   THEN  tl 

ML   a   ? 
IF    (F   .bT.   EC IM))   60   TO   MOC 
HL   a   vCtM)/V 
XI   a   (l.-PU/nj (M)/i:. 
X   a   S0RHI1*X1*CC|H)) 
T   a   l,-((X-Al)»»(l./3,)-(*»An»»(l./3.» )»»3 

fiO   10 bbO  TO OBTAIN EL 
NPAHT   a   1 
00 TO 6bn 

BHANCH   TO  EITHEH  t   OF   LV   MtGIoNS 
NL   a   3 
IF   (E-EL)fl6b.H5«..ttOl- 

•/KiMM«hv/l l««V 

HUILT-IN  SUBKOUTlNtS 

» SOLVF  FOB  VS  ON  S-SL  LINE.GIVEN ES-tZ 
TF   a   (Vi»SUHTiy2»Y2-Y3(M)))/Yl(M) 
R6E   a   HHOS(P)«EOSTGIH)*EZ 
DEN   ■  CUSTC(M)*RGF 
ENUH  a  tOVÜ(M)»(TF-l.)>RGE 
EHUIA   a  0. 
E*UIR   a  FMUJA  a  ENOM/ÜEN 
NCIaO 

HJS1HVJ 
tubl^iS« 
FOSTH^S 

tUSTklV/ 

FuSTHSly 

FuSTf«bl 
fcUST^Ot 
f oSTf^t.a 
tUSlHtu« 
FUsrH«;tb 
H.STF«;((b 

EbSTH^OM 
FUSTP^OV 
EUSIP^li/ 
KUStP«!ll 
fcuSTHeU 
EUS>TP2JJ 
FOSTP^U 
FUST^irlS 
EUSTPiio 
fcUhTP^II 
FUST^ilh 
tbSTPelV 
FUSTPifil, 
F.OttTfSSI 
t(-STP«;2i; 
FüSTP2i;j 
FUST^i^«. 
EbSTPie^b 
EfciSTP«!ifh 
tUSTP2<7 
LbSTPC2«i 
EuSTH«i?v 
FUSTP^J». 
E0STHü3i 
FUSTP^32 
EUSTPÜ33 
EbSTPr3<. 
FbSTPt3t> 
EbSTP23t 
EbSTP«37 
EbSTPi'3b 
EbSTP23V 
tbSTP<*o 
EUSTPü«! 
EbSTP2«(! 
FbSTP2*3 
EUSTF'^4« 
EbSTP2«b 
FbSTP«f*t» 
F.USTP?«7 
EÜSTP^«« 
EbSTP24Si 
EUSTP2bü 
EbSTP251 
EUSTP*52 
EttSTP2S3 
EbSTP<!5« 
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SUBROirriNE EQSTPF  (Continued) 

If MCI    ,M.   ^    »    •>(' 
► »i;   «   d.»n.l«»» »'UJ1«" 

► ►".Iff.   e   ».-u'r 

C 
C 
C 

II!    t/i 

.1 t .    Ad )    1>Ü    TO   MO 

■>IUl,) ) 
InHliMl 

6b3 

6b-) 

67C 

••• SOI Vt   t<>*   PtWL.f 

►•v»tX^ (*.?(")•( 1,-1 . 
»I«t//Ctf) 
A»Znn(K<) »/M (. )/l 
»►■■^n?(M»l l-l ,/I) 
PAaWv/il 
M*<»K(MJ-A/Xl 
!»■ (P»«t>A> ,1 T, -i . 
KVaPx» tl(>*<*l<Ay| 
!*•    IK««*«   .LT.   -fl» 

W»■l.-/^ (► )•(1,-!)• 
M,7«'i 
WVl    a   H« 

If Iwf? .<<!. ?-) r,t 
A/   ■    I ,-(Mi-l-MK*-) 
Mil    »    » |«><V/A?-(/»«»f" 

»•» ■ AMM» 1 (WV* (k'V-^ 
I^ (/»«Slf-V-HVI > ,(jl, 
FW « SIMM «f H^SCM)« 
IF (l.fttrl .M. 1) h 

f- L » P»-FPSJ (W) »FV« 
f-U Tfi (j7S«eil«*,h7««i 
MHINT] |iO,r.((,PVI »FV 
Sin*»   sT», 

LihV.F.V,   OM   LV-V   yUUNOhY 

/ I )♦«! (M»ACOC'( I) ) 

^   .AM;.   NKMMT   ,Lt,   b)   faü   Tu  6^3 

ub)    f W«F<V/()(1/ (l,»(-B(M)»hF (M)«HV»«hV) 

•/N(M| 

TO t,7': 
«HV)*FW 
•fV)»KV»*? 
InlMj-^.^KFIMj^Mv) )/A2»»iÄ-(?.»A»3.«AH#F 
lJ)/HP,l,F-m 
«CC»KV    .ANLl.    ABS(MV-HVl).l)I,i.E-U)    (-U 
1.tPM (M)»( (/KO(F) «a.^^M (l>»)/T)-/K?(»)« 
L   B    l.*Cl(F,)*U*-Tt»«IU/3.l*M(*l,)*(lt* 
(I./HV-I.'WU*(A2(H)/UA1 li*)-l.) 
»I7.i0t.iüb)   NHAF.T 
.HOtPOf-ik v,Ht.tL,T,v 

tUSTMclbb 

t0STP«:i>7 
EUSTP2bb 
EUSTPibV 
EQSTHebü 
ElrfSTPiffel 
EbSTPZb«1 

EüSTf^ea 
EUSTPib* 
FUSTF-^bb 
EUSTP^bb 
EbSTfkbY 
E0STP2bH 
EbSTPÜbV 
EüSTPZTo 
EÜSTPi71 
EliSTP272 
EtiSTPi73 
El*5TPi,7* 
EbSTP^7b 
EÜSTPü7b 
EWSTPi77 
FUSTP27b 

(A*AP*HVEbSTP^7« 
EUSTP2BI 
EUSIPZbl 
EbSTP<>B2 
EÜSTP2b3 
EbSTP<!b« 
EUSTP2bb 
EUSTP2bf< 
EbSTP2br 
EUSTP2bH 

V)*MV EUSTP^H« 
EUS1P<:9b 

TO bbS     EbSTP291 
HV/T)*FihEI'STP2«^ 
T» 

rALCi'L«! lOi.S   F(iH   FACh   r>HASF 

fou 

C 
c    • 
7b'i 

C 
7bb 

» SOt I'1   FMASt 
FKU ■    I ./PHUblMI/V-J. 
«liE »   N|iC«.("«)»F:iJJ.II'(M)«t 
P   ■ fi»U*(FtSTr(»i)*FMl«(LOSTKM>»tFiU»EWSlS(H) ) »HfaFl^FlbF 
GU   In  11,0r 

• «OUT    •   LIUUIU   F.IXf|l   HMASt 
FMA«   m    iF-kSO(M) )/(tUO(''l-Fi>ü(M) ) 
IF     (v   .liT.   FKf«•VlO«MI*(|(>^»>«)l)*«$0(M| I 

FlNo    T   FOB    Vl   E    IN   SL   MtfilUN 
fF-S   ■   F-I)Ft<V(M)»y 

FS   •   FPb»rFuV(M)«VS 
V«'   ■   FS-F^b(f«) 
TF   ■   (Y*»SUHT ( Y2<»Y?-V3('I> ) )/*! (Ml 

00 lü %9r 

tUSTPtV3 
E0S)TP«!9* 
£0STP29b 
EbSTP29b 
tCiSTP297 
F0STP29H 
EUSTP<:99 
EUSTP30U 
EUSTP301 
fcOSTP302 
FUSTP303 
EUSTP30* 
EOSTP306 
EbSTP30b 
EäSTP307 
EUSTP30b 
EUSTP309 
EÜSTP310 
EUSTP31I 
rOSTP3U 
EttSTP313 
EUS1P3U 
EbSTP31b 
EUSTP31b 

Reproduced from   £« 
best available copy, ^jy 
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SUBROUTINE EQSTPF  (Continued) 

Tfe(.       T^O  ■   Tr 

1^ <NCS   ,GT.   *r|   t(    HI   r»«i 

EiP   ■  Lfct l»»»«HÜCH»,»/TP##V 

Mh   ■  FO»0<WI-(FlJSK(''l*t',ili»(2,«tu!>im»l ♦kMU*3,»fOSTSC> I )»>i«t 

T^   ■   TF-H/M^ 
ES   ■   EniC") ♦OMM)«»U«H CI (M/Ir 
WS   ■   (Fb-f»"SJ/OtliVlH 
IF   («hStTF-IFr>)/TF   .i^T.   ACCI   «'{'   U'   7tiu 
P   ■   F'lWO^'IMTF-l.» 
6U   TO   UCd 
PHINT    li( 7.IF ,U0.1." 
SIC»»  7m, 

7bn 

c 
c    ••< 
C 
sou 

BUS 

C 

812 

C 
C 
C 
BIS 

S16 

C 
c 
c 

I luUTU  ^NAit 
SCLVf    HJK   PtM,    v,LM,   ON   Sl-L   tl^F 

Y?   «   F"t»*l  I") 
TF ■ iv«*«m*iif^*v?*vi(F)n/Vi<»•) 
F.^   ■   FS   ■   trtS(M)»rH (MjMFthtJCI fl/fF 

CMi    IC   MiO   Tt.   r,F1   VS   ON   S-Sl   Ll^F 
^•HT   ■   3 
GO   in   hu? 
VLM»   VS*<>--tS)/(itt^(M) 
HLN   m   t^;VO(M)»(TF-l .) 

SHLVF    FOfr   Pl.H.   ¥Ln   ON   I -Lv   LlM- 
IF    «ML   »FO,   3)   1,0   Tu  eis 
IF    «F   ,t,F.   tCtM) )   Go   ID  h^y 
IF    «M    .to.   1)   60   To  H? 
f*L   ■  WC»>)/« 
XJ   ■   ( I ,-wL j/ri) (M)/«. 
A   a   *(.'H1 (Xl«X1*CC«t"l) 
T   ■   1,-« «)i-Äl)««(l ./3.)-()l^Al)»«(l./3.) (»»J 

RO   !(■   ftSO   TO   (iHr»IN  (r'L 
MHAKT   ■   ? 
GO   TO   hdO 
T   a   TM(K) 
EL   ■  FLU<M) 

HttolN   iTF><ATlON   LOUP   TO  FINP   *Lc   CN   L-LV   HOUMD^V,   olvtl».  F 

TtaT  %  tTl «tL   »   Ii'»l.(,  * tTUafC«*) 
TL»ST   a   n.S»(TU*TL) 

USE   PAnAHULlr   FSTIMATF.   OF   SUOPtS   TO   OBTAIN   1   Fth   t 
S2aS?3a»Tlt-IL)/«ETli-ETL) 
|F«ETL   .NP.   ElC«»«)) 

1S2   a   (TL-7*(^) )/(FTL-tLO(M) (♦S-M-lTn-lMM) )/(Mii-tLO(M ) 
f   a   Tl ♦jS?*<5?3-5?l«(E-ML)/(feIU-tlL> )*tt-F (L) 
TL»ST   a   f.MmuTl ) 
NCBar   %   KPA*1B« 
NCBaNCH*! 
IF(T ,01, Tu) l«l>,IML»S1«r.tMlU 
lF(r .LI. TL) Tat.l«TL*5T»L.V»TL 
IF «NCH    .6T.   ?«)    GO    10   H?7 

60  TO  05"   10  CüMPOlF   HLteUt^vitv  FO"   ÖlUfcF«   I 

no To 6bn 

H-ST^jlr 
F(iSTP.OV 

\ I.« 'fc -/l 
twSIP.ItV 

KJSTPJ*?* 

tOSTPiib 
1*t tAPtOSrPj^7 

FWSTPj«?»- 
tuSIPJ^v 
fusTPja.i 
t<JSTF.Hii 
tUSTPJi/ 
FüSTPJ33 
tbSTPjJ« 
FUSTPJJS 
fUSTPj3b 
f<iSIP33 7 
EwSTPjJh 
FOSTP33V 
H.STHJ«»I, 
tl-STFj*i 
tuSTPJ*«" 
F0(STPj»3 
FUSTPJ** 
F(<STPJ4S 
EUSTHJ*h 
tUSTPj«/ 
tgSTP3«H 
EiJSTPJ*v 
(•wSTPJSt 
fwSTPJbi 
twbTPJSr 
FUSTPjb3 
füSTPJb» 
EuSIPJbS 
E(JSTPjSb 
FUSTPjbf 
FuSTPJSh 
ftiSTPjbv 
IliSlt-jbi. 
EWSTPiM 
FUSTPjtii1 

FÜSTPJbj 
HJStPib«. 
FOSTPJbti 
EuSTPj6b 
FUSTPjb/ 
fcbSTPJbh 
EUSTP3*V 
fcOSTPiTg 
F(.STPJ71 
Hi5TPj7^ 
El'STP373 
FOSTPj?» 
twSTP3'b 
FUSTPjTb 
EUSTP3f7 
FbSTP3/e 
FUSTPjT'* 
EUSTPiHO 

157 



r .. .,_, .,—■. 

SUBROUTINE EQSTPF  (Continued) 

• 18 

■ 19 

C 
•to 

• 17        IF    UHSIE-ED    ,U.   *>CC**MAAJ {ftBS(t) .ELO(M) ) »    <.U   TDhlV 
S12   ■   (l-TL)/(EL-FTI ) 
$23   ■   (TU.T)/(ETU.EL) 
%*  ■  •U^mj'lTU-TD/dTU-iUl 
TLAST   >1 
IF   (EL   .LT.   E)   GO  Tu  Mlfi 
T  ■  T»(b2»(Sl?-S?)»(E-fL)/(tTL-tL))«(t-tL) 
ETU»Fl   k  TU-Ti AST  %  Go  TO 816 
T  ■  T«(i2*(b23-S2)»«E-EL)/ltTU-tL))«(fc-kL) 
ETL-FL  $   TLaTLAST   t  60  TO  H16 

PLBaPC(n)*PV 
00 TO H45 

SOLVE FOH PLb AbüvE CHIT1C*L KOIM ON V « VC LlNt 
VLB ■ VC(M) 
»V • ». 
XI ■ E-tO(>«)»PPSI tH)«2Kü(M)«Hv 
X2 • EPSHH)»(2K2(M)«K¥-2,«iRl(H) )«»V 
T ■ «Kl»SQHT(«l«X)-«,«£PS2(M>«x2))/(2.»tPS?(«)) 
PS ■ Ry*T/(2C(M)*U.-(B(M)-UP(M)*f<V>*HVI ).UK0(M)«2R1(M) 
l(T-l,/T)»RV)«RV«HV-PVü(M) 
PLB ■ PC(M)»Hr, 

•25  H* ■ l./VLM 
BB ■ 1./VL» 
21 ■ (PLM-PLB)/(HM-HH) 
Z2 ■ (Rb»PLM-PM«PLB»/{RM-HH) 
Rl ■ 21/V-22 
23 ■ ALUe(PLM/PLe)/ALüO(MM/HB) 
2* ■ (AL0n(HB)»AL061P| M)-AL0G(RM)«AL0(>(PLBI)/ALOG«RP/B8l 
ALP2 • i3«AL0G(l./V)-i* 
f  • «PLH/(RM-1./VL0(M))-23»PL>«/HM)/(21./3«KLH/HM) 
F ■ AMlNl(l.iAMAXI(U.tFI) 
P ■ EKP(F«AL0fl(Pl)*(l,-F»«ALP2) 
00 TO luOO 
MINT   UlO.r.TMlN.TMAx.TUtrLtE.ET.tTLtElU 
STOP  827 

•27 

C 
C 
•SO 

c 
c 

•1.) 

c 
•OS 
•00 

•••        LIUUID-VAPOR MIXED PHASE 
RL ■ l.*Cl(M)4Ml..T)o«(l./3.)*Dl(M)*U.-T) 
EL ■ EV>EPSl(M)*PV*(l,/RV.l./RL)*|A2(M)/T*Al(iO. 

CONSTRUCT UPPER AND LOWER BOUNDS ON Et 1 
BEGIN ITERATION LOOP FOR E WITH T AS A PARAMETER 

ETU • EV 
00 TO 860 

ENTtR FROM 375 FOR V  LESS THAN VC 
ETU ■ EL 
ETL ■ IV-VLÜ(M))/(VVO(M)-VLO(R))*(EVO(M)-ELU(M>)*ELO(M) 
FMAX«(E-ELO(M))/(EVO(MI-ELO(H)) 
IF(V .01. FMAX*VV0(M>*(lfFMAX)*VLO<H)) GO TO 990 
TO ■ T   S   TL ■ TH(M) 
TLASTaOtS«(TU«TL) 

C        LINEAR INTERPOLATION TO ESTIMATE T 
NC«MO 
NPARTaS 
T ■ TL*IE.ETL)*(TU-TL)/(ETU-ETL) 

•TO  NCOaMC«*! 
IFCNC« .GT. 2n) 60 TO 892 
IP IT .GT. TU) T»0.1«TLAST»0.8999«TU 
IftJ   ,LT. TL) T"0.1«TLAST 0t8999»TL 

C        00 TO 6S0 TO COMPUTE RLt ELt RV. 
00 TO 6S0 

EV FOR GIVEN T 

bGSTM3tti 
FUSTPJ82 
EGSTP38J 
EUSTP384 
EG5TP3hb 
EbSTK3b6 
EWSTP3B7 
ftiSTPjBb 
EUSTPjHV 
EwSTHJVo 
fÜ5TPj91 
tüSTPJ92 
EUSTP393 
EUSTPJV4 
ECISTPJ9b 
EUSTPi96 
EUSTP397 
EUSTP39b 
EGSTP399 

/W«(M»»E8STP«0ü 
EGSTPoOl 
EUSTP4U2 
EÜSTP*ÜJ 
EOSTP*0* 
EUSTPtOb 
EUSTPAUA 
EUSTPAÜ7 
EUSTP*bb 
EÜSTP409 
EOSTP^lu 
EOSTP*U 
EOSTP*!«; 
E0STPA13 
EUSTP^iA 
EbSTP*lS 
EOSTPAlb 
E0STPA17 
EUSTPA18 
EUSTPAI9 
E0STPA2l> 
EÜSTP421 
E0STP«22 
E0STPA23 
EbSTPA2* 
E0STPA25 
EÖSTPA26 
E0STPA27 
EQSTP*2b 
EbSTP«29 
EGSTPA3Ü 
E0STPA31 
E0STPA32 
E0STPA33 
E0STP*3A 
EBSTPOS 
E0STPA36 
EUSTPA37 
E0STPA38 
E0STP*39 
FOSTPAAO 
EUSTPAA1 
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SUBROUTINE EQSTPF (Concluded) 

BTS       El   >   (HL»V-l.)/(hL/KV-|.)«(tV-EL).tL 
I^IAHS<fFl)    ,l,t»   *CC**MAXl(«bS(E)lElUCM))) 
UAfTal 
!M«M<:(tT.Ml)    .GT.l.)   SI?" < T-ID / (f T-E1L) 
lM»H«;(tTii-tT)   .GT,   l.lS23"(Tu-T)/«ETU-tl) 
Si-Sl^'iP^-tlU-lD/iETU-ElL) 
IKfcT   .Lt.   fel   GO  TO  R8C 
T»T»(S2*(S12-M)»<E-FT)/(tTt-En)»<E-tT) 
EIU-ET » TU»T| AST » GO TO «70 
T«T*(S2«(S?3-S2)»(E-n)/(tTU-£T)|«ME-fcT) 
ElL'fT %   TL«TL*Sr * GO 10 870 
P ■ Mr(n)«(Mv-PVO(M)) 
GU TO lorn 
PHINT lirP.rtTMlN.ThAX.TUiILtttEIttTLtETu 
STOP «Vt 

Go TO 090 

B8u 

««(' 

S92 

C 
c ••< 
900 

9«5 
C 
C  •• 
990 
1000 
1100 
1101 
110J 
1103 
1104 
1105 

1106 

1107 
1108 

1109 

1110 

VAKOR PHASE 

XI ■ E-tO(»»)*fPSl(»M«»ZRO(«)»Hv 
X2 ■ EPbl (.M«(Zn2(M)«HV-2.«iM(M))»BV 
T ■ (Xl»S'lHr<)li«Xi-«.»EPS2<M»

#X2)l/(2.*tPS2«M)> 
P > Pr(^»«<'<V«T/(7C(K/«ll.-(B(M)-bP(M)»KV)«HV»). 

I  ZR?(»«)«(T-1,/T)«HV)»»V»HV-PV0<»"»I 
GL' TO IbOO 
CuMINUt 

• CUTOFK AT ^tKÜ PHE5SUHE 
P ■ 0. 
hETUPN 
FORMAT(bAlO) 
FOHMAT(M1P«7E10.3) 
FOHMAT(lH*t79XtSH lND«A?,bM. IN«I2.« 
FÜ«MAT(iM-f* L0C«42 IN E0STPF«i5X,« 

L0CM2 IN EQSTPF»t5X,« 
L0CO12 IN EQSTPF«.5Xt« 

(ZK0(M)»ZR1(M|/T 

FUNHAT(iH.t* 
FOHMA'UH-.« 

13/«,C:l).J///) 
FORMATdM-t« 
1//) 
FORMAT (iH..«» 

HEAD IN EOSTPF«) 
EMUÜ.P.PP.EMü.M» •.bElO.S/// 
RV1.PO.POP»RV,M«».5E10.3///) 
TA,P6tPVP,PGPiT,PV,M. «.aEl 

L0C>62b IN EUSTPF •#•«♦• T.EZiMffMUlA.EMUlÖ»«f5E10. 

IOC" 780 IN EUSTPF «iSXt« TFtTPO»TtM ••.♦E10.3///I 
T,TMIN«TMAX.Tü.T|.«EtET.ETL. FORMAT(iM-t* L0C»W9i IN E0STPF«t5x»« 

1ETU ••StlO.3/4EI0.3///l 
FORMATIlH-i« LOC»670 IN EOSTPF«I5XI» 

1 ■ •.5ElP.3/5Fin,3///) 
FORMAT(iM-,« LOC-827 IN EUSTPF».5X.» 
1ETU •.5tln.3/4E10.3///) 
END 

KV.RVl.PV.PO.POP.EV.RL.EL.T 

T,TMIN.TMAX,TU,TL,E.ET,ETl., 

E0STP44^ 
E0STP443 
EOSTP444 
E0STP445 
EUSTP446 
E0STP447 
EUSTP448 
E0STP449 
EQSTP450 
EUSTP4&1 
E0STP452 
E0STP453 
EUSTP454 
E05TP455 
E0STP456 
EUSTP457 
E0STP458 
E0STP459 
EUSTP460 
F0STP461 
EUSTP462 

* EUSTP463 
E0STP464 
EUSTP465 
EQSTP46b 
E0STP467 
E0STP468 
E0STP469 
EUSTP470 
E0STP471 
E0STP472 
EÜSTP473 

) E0STP474 
E0STP476 

0.EOSTP476 
EUSTP477 

3/E0STP478 
E8STP479 
E0STP480 
E0STP481 
EttSTP4e2 

.ME0STP483 
E0STP484 
E0STP48S 
E0STP486 
EOSTP^e? 
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APPENDIX D 

EXTENDED TWO-PHASE EQUATION OF STATE:ESA 

The subroutine incorporating the extended equation of state is listed 

in this appendix together with a description of the CALL statement and the 

nomenclature. 

The subroutine, termed ESA, is called at two points in a wave propagation 

code.  The first CALL is made from the initialization routine (GENRAT in SRI 

PUFF) while material properties are read in.  All subsequent CALLS are made 

fro»! the routine that controls stress calculations during wave propagation 

(HSTRESS in SRI PUFF),  In preparation for the initializing CALL, the solid 

density (o  ) and the Hugoniot parameters (C, D, S, r) must be available 
so 

in COMMON.  Additional material data are read in directly by the subroutine 

ESA during the initializing CALL: they are unavailable to the rest of the 

program.  All other input and output variables are inserted through the 

CALL statement.  The initializing CALL is 

CALL ESA (NCALL, IN, M) 

where NCALL indicates the type of CALL: a zero value is for 

initializing, one is for computing pressure 

IN   is the file containing data 

M    is the material number 

During this CALL the subroutine ESA reads two data cards and initializes 

its array variables.  These cards each contain an identifier in the first 

10 columns (in A10 format) and 6 constants in E10,3 format,  A sample set 

for titanium follows: 

ESA TI 1 -5.000E-01 0.        0.        0.        3.970E 00 1.490E 10 

ESA TI 2  5.914E 09 9.560E-01 1.182E 11 0.        5.300E-10 1.026E II 

The first three constants are the parameters I, F , and F , which api ^ - 

in Eq, (93), the expression used for compressed states.  The othe^ . ■■<* 

values are the pressures, densities, and energies associated with tlu«.^ 

points on the expansion equttion-of-state surface: P ,p , E ; P , o , E ; 
11-      i.     A     ^     M 
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and P , p   ,  E  .     These nine values are used to construct the coefficients 

g  ,  g  ,  h   ,   h   ,   b     . ..   b   ,   which describe the expansion surface, 
o      1      o       1       o 3 

The second  and all  subsequent CALLs  are made during the wave 

propagation calculations to obtain the pressure.     The form of this 

CALL is 

CALL ESA   (NCALL,   5,   M,   C(J),   D(J),   E(J),   P(J),   DPDD(J),   DPDE(J)) 

where D and E  are the density and energy  provided to the  routine 

P is  the pressure computed in ESA 

C is  sound  speed  from ESA 

DPDD =  äP/öP   from ESA 

DPDE =  äP/öE  from ESA. 

The subroutine ESA is constructed in two parts:  one for initializing, 

the other for computing pressure.     The pr  ssure computations are further 

subdivided  into portions  for compressed  and expanded  states. 

A nomenclature  list  is provided  for the subroutine.     Following this 

is a listing of  tne subroutine. 
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NOMENCLATURE OF   INPUT AND  PRINCIPAL VARIABLES   IN  ESA 

B' (V V V V 
EQSTC, EQSTD, EQSTS 

EQSTG, (T) 

El, E2, E3, 

(E , E , E ) 
l'  2'  3 

Fl, F2, (F^ F2) 

F3 

Coefficients of the density expansion 

Coefficients in the Hugoniot expansion, 

dyne/cm 

Grlineisen ratio 

Internal energies at data points on the 

expansion E-P-V surface, erg/g 

Coefficients of the nonlinear energy 
2      4 

term for compressed states, g /dyne/cm 

(2F - F )/p 
1   2   so 

F4 

Gl,    (1 
i' 

G2 

G3 

PI,   P2 ,   P3 
(V V V 

RHOS, 
'"so1 

Rl,   R2 ,   H3 
(V v "J 

(F2 " V^so 
Second term in the expansion for 

Grüneisen ratio 

r,/p 
1  SO 

Pressures at data points on the 

expansion E-P-V surface, dyne/cm 

Initial solid density 

Densities at data points on the 
3 

expansion E-P-V surface, g/cm 
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  w 
w 

SUBROUTINE ESA 

C 
C 
C 

SUMHftuUME tS««NCALLiIN.M.CfP»f »f tUPOH ,UHUt) 

«OUI^K COMMUTES fHtSSUHf KHÜM SIMPLE T»ü-PH<«St tUUAUON OF STATF 
tSA HAS TWO PAHTSt COKHFSPOifC'ING TO «tAllNü AND CUMf-UTlNb 

HE.AÜ INPUT (NCALLBO). CALL IS FNOM PENHAT. 
INPUT  - NCALL» IN« Mt MAlFKUt PHOPEKTY CAHOS 
OOTPUI . KHfNTS CAHU IMAOkSt ÜKGANUES DATA INTO AhMAYS 

CUMPKTt PPESSDHfc (NCALL»1) 
INPOT  - NCALL»M,C«OiF 
OOTPUI . C«P,l)PDE 

CALL IS FPOM HSTKESS USOALL*. 

NAMED COMMON 
HtAL flltPOM 
COMMON /EOS/  EOSTA(#.) ,fc(JsrC(fr)ltuSTD(6titüSTE (6) ,E0STG(6) t 

1  EUSTH(6)«EUSTN(6) ttUSTS((i) tEOST V (f>) tC/U (6) »CmO (b) f C? (b) 
COMMOK' /MFLT/ EMELT(fri6) fSPMJb) 
COMMOM /PMO/ MHO(»>) tWH()S(h) 
COMMON /T«H/ TSP(t»30)itAMAT(frt2C)»TENS(6,3) 
COMMON /Y/ Y0(6) iYAU0(6)tMU(A)tMUMtYAODM 

DIMENSION MAtb) «Fl (6) tF?(b)*F3(6)iFAI6)fGl(fc) «02(6) «03(61 
DATA lOt/lh / 

IF (NCALL .EU. n Gu TO 2b0 

PbAD INPUT DATA ANU INITIALISE APHAYS 

READ (IN.UOO) 
»NITF (btllUO) 
HMITF (0,1121) 
HEAU (IN.HOO) 
HHITF (btllOO) 
WH1TF (b»ll2I) 

INIIIALI2F 
HOBRHOS(M) 

F3(M)«(c.«H(M)-F?(M))/HO 
F*(M)«(^?(M)-F1(M)l/HO/PO 
G2(M)«FwST(j(M)-Rl (M) 

INIIIALIZE   -6-   APPAY 
AOBEOSTC(M)/Rn 
Al«Pl-Hl»Fl*(fi2(M)*Kl«63(M) )-Ml«El*E 1# (^3 (M) »m^F* (M) ) 
A2»P2-Mt*(r2« (62 (M) ♦H2#63 (M)) -«2«E2*E2« (F 3 (M> ♦P2»F4 (M)) 
A3«P3-Hi«F3«(R2(M)»H3»63(M))-P3*E3»E3«(F3(M»*P3*F4(M)) 
»EOEFINt   A   10   INCLUDF   DENOMINATOHS 
RÜaKHOS(P) 

Al.GKPI ,F1 (M) iF2(M),Pl,KllEi 
Alt61(M),F](M),F2(M),P1,K1,EI 
IDDtlN 
Al,P<!.P2,E2«P3*P3,E3 
41tP2lP2tE2,P3,P3,E3 
IOP.IN 
COEFFICIENTS   IN   EXPANSION  fuUATION 

G3(M)«61(M)/HO 

0Ü1-R0-H1 9 Ü02-H0-H2 
013»R1-H3 S D?3«H2-P3 
A0BA0/(U01*U0?*ü03) 
A2a-A?/(D02»D02*012*D23) 

D03»R0-Hj [»12«hl-Hit 

S   AI« Ai/(00l»UOI»Ü12«D13) 
S   A3« A3/(D03#OO3«Dl3*U23) 

B(1»M)«-AO'Hl •H2»P3-P0»A1*R2#«3-P0«P1»A2«R3-P0»P1*H2#A3 
B(2«M)«KO*PI«(A2*A3)*P0*R2*(Al*A3)*P0«P3*(Al*A2) 

1   ♦RI*H2«(A0*A3)*Rl#R3*(AO*A2)*R2*R3*(A0*Al) 
B(3tM)»-PO«(Ai*A2*A3)-Rl«(AO*A2»A3)-«2»(A0*Al»A3)-R3«(AO*Al*A2J 
B(4*M)«A0»A1«A2*A3 
RErURN 

ESA 
FSA 
»ESA 

FUSTCOMi- 
EUSTC0M3 
EUSTCUMi» 
EOSTCOMb 
EOSTCOMb 
EÜSTC0M7 
EOSTCOMh 
EÜSTCOMV 
ESA 1b 
ESA 17 
ESA Ih 
ESA IV 
ESA 2o 
ESA 21 
ESA 22 
ESA 23 
ESA 2* 
ESA 2b 
ESA 2b 
ESA 2 V 
ESA 2b 
ESA IV 
ESA 30 
ESA 31 
ESA 32 
ESA 33 
ESA 3» 
ESA 3b 
ESA 3b 
ESA 37 
ESA 38 
ESA 39 
ESA ♦ ü 
ESA M 
ESA ♦ 2 
ESA ♦ 3 
ESA ♦♦ 
ESA 45 
ESA Ab 
ESA ♦ 7 
ESA ♦ 8 
ESA ♦ 9 
ESA 50 
ESA 51 
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SUBROUTINE ESA  (Concluded; 

CALCULATION OF PRESSURE AND SOUND SPEED 

00       IF   (D  .LT.  HHOS(M))   00  TO 300 

•••     COMPRESSION EQUATION OF  STATE 
U*(U-RHUS(*>)/RHOS(M) 
PHaU«(EWSTC(M)*U*(EUSTD(M)«U^EOSTS (M))) 
6ei«eQS16(H)Ml*61(P) 
eF«1..0.S*U«G6l 
FF«F1««»♦U»F2(M» 
P  ■ PH»bF  ♦   «661»D  ♦  FF»E)«E 
DHOH  ■((EQSTC(M>*U*(?.*E0STU(M>*U*3.*tQSTS(M)))*6F 

1 .PH*lu.MEU$T0(M)*U*6l(M))   *(6l(M)*b « P2(P)*E)*E)/HH0S(M) 
2 ♦6Gl»t 

DPOE  •  to61*ü  *  2.*FME 
6Ü  TO  3t>0 

C 
C •••     EXPANSION EQUATION  OF   STATE 
300       663an*(o2(H)*n*63(H)) 

FF   ■0»U3('M*n»M<H)) 
BTEMMS»b(HM)*0*(f*(2tM)*ü»(B(3iM)»0»H(*iM)n 
P  ■   {n-hHOS<M))«HTEHMS  ♦   (603  ♦  FFn)#E 
D^OH  ■   (6?(HU2.4>n*(»3<M)   *   (F3(H)*   ?.*D*F4(M) )<»E>*E 

1     "HTEKftS     *   (D-HHOS(M) )*(b(2*M)*t)*(2.*b(3«K)*ü*3.*b(4iM))) 

3{»0       CSO  «  UKOH  *  p«f)PnE/t)*»? 
IF    (CS(J   tRt.   n,)   r»SüK7(CS»-) 
Hfl TUPM 

1100     FUHMAT   (A|(>,7F1C'.3) 
1121     FUHM«r   (1M*,7«)X.5H   lNü=Ai?,!sh»    iNrlg,»   -tSA-») 

ENO     FS*< 

ESA 52 
ESA 53 
ESA 5« 
ESA 55 
.-SA 56 
ESA 57 
ESA 50 
ESA 59 
ESA 60 
ESA 61 
ESA 62 
ESA 63 
ESA b* 
ESA 65 
ESA 66 
ESA 67 
ESA 6b 
ESA 69 
ESA 70 
ESA 71 
ESA 72 
ESA 73 
ESA 74 
ESA 7b 
ESA 76 
ES* 77 
FSA 7H 
ESA 7V 
ESA bh 
ESA Hl 
ESA B2 
FSA HJ 
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